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Three asparagine synthetase genes {ASNl, ASN2 and ASN3) in Arahidopsis 
thaliana were previously cloned. Expression of ASNl and ASN2 were regulated 
reciprocally by light and metabolites. Moreover, changes in total free asparagine 
level parallel the expression of ASNl, but not ASN2. Using transgenic approach, 
ASNl was shown to be the major regulator of the free asparagine pool. On the 
other hand, the physiological function of ASN2 is still unclear. Asparagine 
synthetase (AS) enzyme in some plants were able to use ammonium as the 
alternative substrate although with a higher Km than that of glutamine. In this 
research, we demonstrated a close correlation between ASN2 gene expression 
and ammonium metabolism in A. thaliana. 
In the first part of this research, the ASN2 gene expression in responses to 
exogenous ammonium and stresses were studied. We demonstrated that the 
light induction of ASN2 is ammonium dependent. Addition and removal of 
ammonium exerted fast and reciprocal effects on the levels of ASN2 mRNA, 
specifically under light grown conditions. NaCl, AgNOs, and cold stress 
increased both cellular free ammonium and ASN2 mRNA levels in a coordinated 
manner, suggesting that the effects of stress on ASN2 expression may be 
. mediated via accumulation of ammonium. In the second part of studies, the 
I 
correlation between ASN2 and cellular ammonium metabolism was further 
demonstrated by analysis of ASN2 transgenic plants. When plants were grown 
on MS medium containing 50 mM ammonium, ASN2 overexpressors 
iii 
accumulated less endogenous ammonium, compared to the wild type Col-0 and 
ASN2 underexpressors. When plants were subjected to high light irradiance, 
ammonium levels built up. Under such condition, ASN2 underexpressors 
accumulated more endogenous ammonium than the wild type Col-0 and ASN2 
overexpressors. These results support the notion that ASN2 is closely correlated 
to ammonium metabolism in higher plants. These experimental data also 
support the hypothesis that ASN2 may encode an ammonium dependent AS 
enzyme, as predicted by previous phylogenetic analysis. 
In the third part of this studies, we attempted to test if the ASN2 promoter is 
responsive to ammonium. 541 bps upstream of start codon of ASN2 coding 
sequence was defined as promoter region and was cloned into a transient 
expression vector upstream from a GUS reporter gene. It was demonstrated that 
protoplasts transformed with ASN2 promoter construct did exhibit higher GUS 
gene expression when placed in protoplast culture medium contained 20 mM 
ammonium, compared to the medium without ammonium. However, the same 
observation but in greater extent was also obtained in the case of CaMV 35S 
promoter. Therefore, further experiments are needed to explain this phenomenon. 
In the final part of studies, relationship of azaserine resistance and ASN2 
overexpression in azaserine resistant mutant was investigated. The 
overexpression of ASN2 in azaserine resistant mutant suggested that the two 
phenotypes might be linked together. However, genetic crosses experiments 
showed that the azaserine resistance and ASN2 overexpression are probably 
iv 
resulted from 2 unlinked mutations. 
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1.1 Nitrogen assimilation and gene regulation in plants 
Nitrogen assimilation is a critical process affecting plant growth and crop 
production. Nitrogen deficiency in plants seriously reduces the levels of chlorophyll 
and ribulose bisphosphate carboxylate (rubisco), and therefore the rate of 
photosynthesis. This in turn affects the plant productivity, biomass, and crop yield. In 
non-legumes, the ultimate source of nitrogen is soil nitrate which will be uptaken 
into plant cells and converted into ammonium by nitrate reductase and nitrite 
reductases (Lea and Miflin, 1980; Lea et al., 1990; Miflin and Lea, 1980). The 
ammonium is then further assimilated into organic nitrogen via the combined action 
of glutamine synthetase (GS) and glutamine 2-oxoglutarate aminotransferase 
(GOGAT) as glutamine and glutamate that are highly reactive and being transported 
and utilized as the nitrogen donor in the biosynthesis of other amino acids and 
nitrogen-containing compounds. 
Recent molecular and genetic studies, together with the previous biochemical 
analyses, suggest that genes encoding nitrogen metabolic enzymes are subjected to 
the regulation of environmental, metabolic, and developmental signals (Lam et al, 
1996). For example, the gene encoding chloroplast GS was shown to be positively 
regulated by light and may be involved in detoxifying and reassimilating 
photorespiratory ammonia in various species such as maize, barley, and Arabidopsis. 
Similar observation was obtained for the gene encoding ferredoxin-dependant 
1 
GOGAT. Conversely, the gene encoding GDH was reported to be repressed by light 
and induced by dark stress (Lam et al, 1996). Light-dark regulation also occurs on 
the genes encoding asparagine synthetase (Lam et al, 1998). Metabolite regulation 
by sugars and amino acids of AS gene expression was also documented in various 
plant species including pea, maize, soybean and Arabidopsis (Lam et al, 1998). 
1.2 Asparagine metabolism and its gene regulation in plants 
1.2.1 A brief introduction of asparagine 
Asparagine is one of product catalyzed by the enzyme asparagine synthetase 
on the substrate glutamine and aspartate. Asparagine is an important nitrogen 
transport amino acid as it has relatively high nitrogen to carbon ratio (when 
compared to the other amide amino acid glutamine) and is relatively stable compared 
to other nitrogen transport amino acid (glutamine, glutamate and aspartate). In 
certain legume species, asparagine can account for as high as 86% of transported 
nitrogen (Lea and Miflin, 1980). Due to its high nitrogen to carbon ratio and its 
stability, asparagine is an ideal compound for long-range nitrogen transport and 
storage, especially in dark when carbon skeletons are limiting (Lea and Miflin, 1980; 
Sieciechowicz et al, 1988; Urquhart and Joy, 1981). 
t 
2 
1.2.2 Asparagine synthetase gene family in A thaliana 
Three AS genes were cloned from Arabidopsis thaliana {ASN1, ASN2, and 
ASN3). The ASNl cDNA was cloned by heterologus hybridization to the pea ASl 
gene (Lam et aL, 1994), while ASN2 and ASN3 were cloned by functional 
complementation of an AS deficient yeast mutant (Lam et aL, 1998). 
1.2.3 Reciprocal regulation of ASNl and ASN2 gene 
Most plant AS genes show an enhanced expression in the darkness while 
repressed by transfer to light. This was supported by the fact that asparagine level 
was much higher in dark-adapted than light-adapted Arabidopsis seedlings (Lam et 
a l , 1998). Also, increased levels of asparagine have been observed in carbon-starved 
tissues from different plant species (Sieciechowicz et cd., 1988). This is consistent 
with the fact that photosynthesis does not occur in night time when carbon content is 
scarce. Phytochrome and the metabolic carbon to nitrogen ratio mediated the light 
repression of ASNl from Arabidopsis (Lam et aL, 1994). 
Nevertheless, asparagine is also required to support the growth of plants in the 
light. It is essential for protein synthesis and nitrogen metabolism. It is also reported 
that asparagine accounted for 7% of total nitrogen in the process of photorespiration 
(Ta et aL, 1984; Sieciechowicz et aL, 1988), a process occurs in day time. Moreover, 
asparagine synthesis in the light has been acknowledged as a mechanism to detoxify 
high levels of ammonia (Givan, 1979; Sieciechowicz et aL, 1988). ASN2 in * 
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Arabidopsis is the first AS gene reported so far that is induced but not repressed in 
leaves by light (Lam et al., 1998). The AS gene in Phaseolus vulgaris (PVASJ) also 
does not repressed by light. However, its expression is restricted to roots and to 
cotyledons at specific stages of germination, and is undetectable in leaves (Osuna et 
al, 2001). Similarly an AS gene in sunflower {HAS!) is also not responsive to light 
repression (Herrera-Rodriguez, et al., 2002). 
1.2.4 Primary structure difference of ASNl and ASN2 protein 
The possession of the glutamine-binding triad consisting of three conserved 
residues (Cys, Asp and His; Mei & Zalkin, 1989), has been the main criterion to 
identify a plant AS as a glutamine-utilizing amidotransferase (Lam et a!., 1994; 
Chevalier et al, 1996; Waterhouse et al., 1996; Eason & King, 1997; Hughes et al., 
1997; Shi et al, 1997; Lam et al., 1998; Eason et al, 2000). However, further 
evidence has demonstrated that His and Asp are too distant from Cys to participate in 
catalysis (Smith et al, 1994; Zalkin & Smith, 1998), thus challenging the reliability 
of the triad as a criterion to identify glutamine-utilizing enzymes. 
The deduced ASNl and ASN2 amino acid sequence share 77.4% identity and 
both contain purF-type glutamine-dependent triad. Sequence comparison of ASNl 
and ASN2 protein showed that the ASN2 (also ASN3) protein forms distinct 
dendritic group (group II) compared to the ASNl protein (group 1). The ASNl-like 
group I proteins include all ASN enzymes identified from dicots including those 
from Arabidopsis (ASNl) (Lam et al., 1994), pea (Waterhouse et al., 1996)， 
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Asparagus (Davis and King, 1993), soybean (Hughes et al., 1997)，Vicia fava 
(Genbank number Z72354), and Brassica (Downs et al, 1995). By contrast, group II 
includes the ASN2/ASN3 isoenzymes of Arabidopsis and the AS proteins of 
monocots: rice (Genbank number D83378) and maize (Chevalier et al., 1996). Maize 
AS was previously reported to have ammonia-dependent AS activity (Oaks and Ross, 
1984). 
1.2.5 ASNl overexpressor support the notion that it is a major gene regulating 
the free asparagine levels in plant tissues, while ASN2 maiy play different 
physiological function(s). 
Transgenic Arabidopsis constitutively overexpressing ASNl shows enhanced 
nitrogen status in seeds as supported by three observations. (1), there is an elevations 
of soluble seed protein contents; (2), there is an elevation of total protein contents 
from acid-hydrolyzed seeds, and (3), higher tolerance of young seedlings when 
grown in nitrogen-limiting media was observed. The change in seed nitrogen of 
ASNl overexpressor was also accompanied by an increase in total free amino acids 
(mainly Asn) allocated to flowers and developing siliques. These quantitative and 
qualitative changes in the amino acid pools found in seeds of ASNl overexpressor 
support the notion that free asparagine is an important nitrogen carrier for long-range 
transport and storage in higher plants (Lea, 1980; Lea, 1990; Sieciechowicz, 1988). 
Since ASNl gene expression parallels the accumulation of free asparagine in A. 
thcdiana, ASNl was proposed to be a major gene regulating the free asparagine levels 
in plant tissues [Lam, 1994; Lam, 1995]. The discovery of a light induced ASN2 gene 
5 
was initially paradoxical since free asparagine does not accumulate to a high level in 
light grown plants (Lam, 1998). It was proposed that ASN2 may play a role other 
than in primary nitrogen assimilation. 
1.2.6 Evidence support ammonium-dependent AS in plant 
The structure of plant AS remains poorly characterized as the purification of 
the enzyme is hampered by the presence of asparaginase activity (Streeter, 1977) and 
non-protein inhibitors of AS (Joy et al., 1983). Plant AS is able to use glutamine or 
NH4+ as a nitrogen donor (Sieciechowicz et al., 1988). In prokaryotes (Humbert and 
Simoni, 1980) and in yeast (Ramos and Wiame, 1980), ammonia-dependent AS are 
encoded by genes different from glutamine-dependent AS. In plants, it remains 
unclear whether ammonia-dependent AS are encoded by separate genes different 
from glutamine-dependent AS. AS from legume cotyledons and nodules seem to use 
glutamine preferentially, rather than NH4•十.The analysis of the predicted primary 
structure of AS from pea, Asparagus, Arabidopsis and broccoli revealed the presence 
of a glutamine-binding site at their amino terminus, indicating that all these genes 
may code for glutamine-dependent forms of AS (Downs et al., 1995; King and 
Davies, 1992; Lam et al., 1994; Tsai and Coruzzi, 1990). It was also reported that 
genes encoding asparagine synthetase in maize are up regulated by salt and heavy 
metal stresses (Chevalier, 1996). Interestingly, the ectopic expression in transgenic 
tobacco plants of a mutated pea ASl deleted for its glutamine-binding domain 
resulted in increased asparagine levels, suggesting that this mutated enzyme has 
6 
enhanced ammonia-dependent activity (Brears et al., 1993). In maize, enzymological 
studies have shown that maize AS may be different from legume and asparagus AS 
enzymes since it is active with either glutamine or NH4+ as the substrate, with a 
slightly higher affinity towards glutamine (Oaks and Ross, 1983; Stulen et al.，1979). 
Recently, the microarray screening of Arabidopsis genes responsive to low and high 
nitrate induction revealed that the ASN2 gene shows little to no induction at 20 min 
but strong induction at 2 hr for when grown in both low and high nitrate 
concentrations. This AS may be important for assimilation of the NH4+ derived from 
nitrate reduction in plastids. 
1.3 Ammonium toxicity and mechanism of the toxicity 
1.3.1 Ammonium toxicity 
Ammonium (NH4+) is important to plants because it provides the major 
nitrogen source for assimilation and metabolism. However, application of 
ammonium to plant causes negative effect due to its toxic effects (Vines and 
Wedding 1960; Fangmeier et al 1994; Gerendas et al, 1997). Ammonium toxicity is 
an issue of global ecological and economic importance. Soil ammonification 
becomes increasing severe due to human intervention in the nitrogen cycle by 
* 
agricultural activities (Vitousek 1994; Vitousek et al, 1997; Bobbink 1998; Valiela et 
al； 2000). Nitrogen input partly in form of ammonium fertilizers into biosphere has 
more than doubled since the 1950s in many areas, especially in Europe (Pearson and 
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Stewart 1993; Bobbink 1998; Goulding et a!.，1998). Nitrogen saturation of many 
ecosystems was reported to seriously affect the species composition, and in fact it 
was proved soil with high ammonium content can lead to later-succession, compared 
to the nitrate rich soil which has earlier succession (Smith et al., 1968; klingensmith 
and van Cleve 1993). Even a local species extinction was documented as a 
consequence of increased NH4+ deposition (de Graaf et cd” 1998). 
Different plant species response to ammonium toxicity with diversified toxic 
symptoms. Generally, under moderate ammonium toxicity, plant species can be 
either classified as sensitive or insensitive. Most domesticated plants including 
tomato, potato, barley, pea, bean etc. (Cao and Tibbits, 1998; Feng and Barker, 1992; 
Britto et al., 2001; Zhu et al., 2000) were classified as sensitive; while few 
domesticated plant species such as blueberry and rice (Claus-sen and Lenz, 1999; 
Wang et aL, 1993), wild plants such as sedge Carex (Falkengren-Grerup, 1995), the 
heather Calluna vulgaris (de Graaf et al., 1998), many proteaceous plants (Smirnoff 
et al, 1994), some temperate angiosperm iress (Clough et al, 1989; Bijlsma et al, 
2000; Garnett et al., 2001) were classified as insensitive species. 
Symptoms of ammonium toxicity are multiple. The plant species subject to 
external ammonium concentration above 0.1 to 0.5 mmol/L exhibit the toxicity 
symptoms. The two typical symptoms are leaf chlorosis and overall growth 
suppression. (Kirkby and Mengel 1967; Kirkby 1968; Gigon and Rorison 1972; 
Breteler 1973; Gerendas et al., 1997). These two symptoms can result in overall 
yield reduction of 15 to 60% among sensitive species from (Woolhouse and 
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Hardwick 1966; Chaillou et al, 1986). In serious cases, death was reported (Gigon 
and Rorison 1972; de Graaf et al, 1998). Other visual symptoms often include a 
lowering of root: shoot ratios (Boxman et al., 1991; Wang and Below 1996; Bauer 
and Berntson, 1999), and a decreasing of fine to coarse root ratio (Haynes and Goh, 
1978, Boxman et al., 1991). Other unobvious symptoms include a decline in 
mycorrhizal associations (Boxman et al., 1991; Lambert and Weidensaul, 1991; van 
Breemen and van Dijk 1998; Boukcim et al, 2001; Hawkins and George, 2001). 
Finally, ammonium toxicity can also inhibit seed germination and seedling 
establishment. 
1.3.2 Mechanism of ammonium toxicity 
NH4+ fed plants show reduction of essential tissue cations such as potasium, calcium, 
and magnesium (Kirkby 1968; van Beusichem et al, 1988; Troelstra et al, 1995; 
Closer and Closer 2000). This decline in cations is accompanied by an increase in 
tissue levels of inorganic anions such as .chloride, sulfate and phosphate (Kirkby 
1968, van Beusichem et al., 1988). As uptake of NH4+ (cations) totally exceed that of 
anions, proton efflux is one way to compensate the charge imbalance resulting in 
acidified external medium (Goodchild and Givan 1990, Schubert and Yan, 1997). 
N03 fed plants cause a' net (3/kalinization of the external medium, probably in 
response to excess uptake of anion, may provide another proof (Goodchild and Givan, 
1990; Schubert and Yan, 1997). If growth solutions are pH-buffered, toxicity 
symptoms will be relieved, further pinpoint the acidification of external medium and 
so the rhizosphere is one of factors responsible for the ammonium toxicity (Gigon 
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and Rorison, 1972; Findenegg, 1987; Vollbrecht and Kasemir, 1992; Dijk and Eck, 
1995; Dijk and Grootjans, 1998). Furthermore, it is surprising to find that most NH4+ 
tolerant plants listed above are also acid-tolerant (Yan et al, 1992). 
It is widely-held notion that free ammonium does not accumulate in plant 
tissues (Kafkafi and Ganmore-Neumann, 1997; Tobin and Yamaya 2001). Therefore 
plant must immediately assimilate the free ammonium to organic nitrogen, e.g. 
amino acids. However, under high external ammonium concentration, the flux of 
ammonium can be in excess of the N H / assimilation capacity of the plant and this 
results in efflux of NH4+from the plant (Hecht and Mohr, 1990; Lang and Kaiser, 
1994; Wieneke and Roeb, 1997; Husted et aL, 2000). However, efflux of N H / f r o m 
the cytosol to the external medium must be energetically active. This may explain the 
high respiratory rates commonly occur in NH4+fed plants (Haynes and Goh, 1978; 
Matsumoto and Tamura, 1981; Cramer and Lewis, 1993; Rigano et al., 1996; Hagen 
et al, 2000). Consistent with this respiratory increase is a decline in celluar ATP 
levels. Measurement of the cytosolic NH^^ concentrations and membrane potentials 
in barley showed that the active efflux system is highly inefficient (Kronzucker et al, 
2001). This may be another reason contributes to the ammonium toxicity. 
In order to support the high ammonium assimilation process, excessively high 
carbon sink strength must maintain in root tissues (Schortemeyer et al, 1997). 
Amino acids including asparagine and glutamine always accumulate in high 
concentration (Margolis, 1960; Kirkby, 1968; Rosnitschek-Schimmel, 1985; Chaillou 
et al., 1986, 1991; Majerowicz, et al., 2000) following ammonium toxicity * 
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challenging. Sugar and starch content of plants generally decrease with ammonium 
treatment (Kirkby 1968; Lindt and Feller, 1987; Mehrer and Mohr, 1989; Kubin and 
Melzer, 1996). Based on the findings stated above and the symptom of decreasing 
root : shoot ratio, some scientists proposed that the exhaustive of carbon for energy 
source may be in part responsible for ammonium toxicity. 
High light intensity was reported to intensify the ammonium toxicity 
symptoms (Goyal et al., 1982; Magalhaes and Wilcox，1983; Zomoza et aL, 1987; 
Zhu et a!.，2000; Bendixen et al, 2001). This seems contradict to the previous notion 
that carbon exhaustion accounts for the ammonium stress symptoms, because high 
light intensity theoretically enhance photosynthesis and therefore the internal carbon 
content. However, plants susceptible to ammonium toxicity under high light intensity 
has reduced rate of net photosynthesis (Takacs and Tecsi, 1992; Claussen and Lenz, 
1999). More precisely, the reduced rate of net photosynthesis is due to the decline in 
CO2 fixation (Puritch and Barker 1967; Ikeda and Yamada, 1981; Mehrer and Mohr 
1989). This is further attiributed to a decline in rubisco and NADP-dependent 
glyceraldehyde-3-phosphate dehydrogenase (Mehrer and Mohr 1989). Although 
there was no direct fluorescence data to support the changes in electron flow between 
PSII and PSI, Zhu and associates (2000) proposed that NH4+ increases the reduction 
of molecular oxygen in the Mehler reaction. This means the electrons produced by 
the photochemical process are not necessarily used for carbon fixation. In conditions 
where carbon fixation isjestricted, alternative sinks for electrons might be enhanced, 
namely photorespiration and reduction of molecular oxygen. The former causes a 
waste of the photochemical energy and the later leads to produce oxidative stress. 
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The other evidence like, the enhanced photorespiratory rates observed in NH4+ fed 
plants; increased lipid peroxidation (an important consequence of enhanced Mehler 
reaction activity with NH4); magnesium and potassium deficiency (favor Mehler 
reaction) due to ammonium toxicity may give further supports of this hypothesis. 
1.4 Relationship among asparagine, ammonium, and stress 
physiology 
1.4.1 Ammonium accumulates under stress conditions 
When plants subject to various biological and environmental stresses, their 
photosynthetic rate will be significantly decreased. Because photosynthesis supplies 
the carbohydrates and therefore the energy to maintain the basal life of plant, under 
the most stressful conditions, the carbon-skeleton reach to sink tissue may become 
limiting (Baysdorfer et aL, 1988; Farrar, 1981; Kerr et al, 1985). To cope with 
carbohydrate deprivation, plants will undergo protein and lipid catabolism to release 
carbon skeletons to sustain respiration and other metabolic processes (Baysdofer et 
al., 1988; Brouquisse et a!., 1991; Dieuaide et al., 1992, 1993; Joumet et al., 1986; 
Saglio and Pradet, 1980). Decrease of enzyme activities associated with the nitrogen 
assimilation and protein synthesis under carbon starvation was reported (Tassi et al, 
1992). On the other hand, increase in enzyme activities associated with catabolism of 
amino acids was also detected (Brouquisse et al., 1992). 
t 
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Protein degradation will result in drastic increase of internal ammonium 
content. When tomato plants under environmental stress, ammonium accumulation 
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and ethylene biosynthesis may be an interrelated event (Feng, et al., 1992). Intact and 
excised tomato plants subjected to stresses such as waterlogging, water deficit and 
salt stress developed epinasty and chlorosis and had increased ammonium 
accumulation. Ethylene, a plant hormone and that plays an important role in stress 
physiology, increases in response to ammonium accumulation. Moreover, application 
of aminooxyacetic acid (AOA) (an inhibitor of ethylene biosynthesis) to the stressed 
plants relieved the stress symptoms and reduced ethylene evolution and ammonium 
accumulation (Feng, et al., 1992). Ammonium accumulation and ethylene production 
in response to biotic stress was also reported (Barker, et al, 1999). Tomato infected 
with root-knot nematode exhibited foliar symptoms resembling those of ammonium 
toxicity. Increased severity of the symptom was accompanied by a concomitant 
increase in foliar ammonium accumulation and by enhanced ethylene evolution. 
Moreover, the enhanced ammonium accumulation appeared to precede ethylene 
evolution. This piece of evidence supports the notion that ammonium accumulation 
is an index of stress in plants. 
Proline accumulation in response to drought stress was widely reported. It was 
demonstrated ammonium accumulation preceded proline accumulation in detached 
rice leaves under drought stress condition (Yang, et al., 2000). Under heavy metal 
stresses (cadmium and copper), ammonium content increased in rice leaves but the 
increase was only detected after the increase in proline content. Thus, ammonium 
accumulation caused by water stress coincided closely with proline accumulation in 
detached rice leaves (Yang, et al, 2000). 
* 
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Ammonium accumulation in relation to water stress-promoted senescence of 
detached rice leaves was also reported (Lin, et al, 1998). The effect of water stress 
on the senescence of detached rice leaves was in accordance with ammonium 
accumulation. This was attributed to a decrease in glutamine synthetase activity. Also, 
increase tissue sensitivity to ethylene that in turn accelerates leaf senescence may 
explain the phenomenon. 
1.4.2 Asparagine accumulates under stress conditions 
A number of nitrogen containing compounds including asparagine accumulates 
in plants when subjected to biotic and abiotic stresses. The role of asparagine as a 
detoxification product, acting as a nitrogen storage compound synthesized under high 
concentrations of ammonium, is well documented (Givan 1979; Sieciechowica et al, 
1988). Asparagine accumulation, in response to high levels of protein degradation, 
was first reported in carbohydrate-starved barley leaves (Yemm, 1933), and also later 
in numerous green and non-green plant tissues undergoing senescence, and when 
submitted to light/dark transitions or starvation stresses (Thomas, 1978; Genix et al., 
1990; King et al., 1990). 
Excised maize (Zea mays) root tips under prolonged carbon starvation were 
investigated for amino acid profiles (Brouquisse, 1992). The excised maize root tips 
under carbon starvation underwent three phases of physiological response. The first 
phase, so called acclimation phase, is mainly for packing the nitrogen released from 
protein degradation into asparagine and other amino acids. Also, the enzyme 
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activities related to nitrogen reduction and assimilation also decreased in this phase. 
Carbohydrate starvation leading to accumulation of asparagine is also demonstrated 
in sycamore cells (Genix, 1990). The result indicated that when almost all the 
intracellular carbohydrate pools had disappeared, the cell protein content declined 
progressively whereas asparagine detected by either ^^ C NMR or reversed-phase 
HPLC increased steadily. Addition of sucrose in the culture medium after a long 
period of sucrose starvation led to the disappear of asparagine (Genix, 1990). 
Therefore, the accumulation of asparagine in plants can be considered as a good 
marker for protein catabolism after a long period of sucrose starvation and is likely to 
be related to stress. 
Under osmotic, water and salt stress，accumulation of asparagine was also 
documented in different plant species (Gzik, 1996; Gilbert, 1998; Rus-Alvarez et al., 
1994; Brouquisse et al, 1992; Naidu et al.’ 1990; Soldatini et al., 1985; 
Drossopoulos et cd., 1985; Fukutoku et al., 1984). Proline content of sugar beets 
increased under osmotic and drought-induced stresses. Consistent with the proline 
increase, levels of most amino acids including asparagine were also enhanced, as 
determined by reversed phase high pressure liquid chromatography (Gzik et al, 
1996). Water stress imposed by withholding water under a high transpirational 
demand or by the application of polyethylene glycol (PEG), resulted in the 
accumulation of glutamine, asparagine, and valine in amounts equal to or greater 
than that of proline. The stress-induced changes in the content of amino acids were 
reversible upon rewatering (Naidu et ai, 1990). In another experiment, when Zea 
mays seedlings were stressed by exposure to 14% PEG 4000, is contrast to reduced 
15 
chlorophyll contents, photosynthetic rate and fresh weight, the free amino acid pool 
increased up to 3 fold. The principle ones are glutamine, asparagine and proline 
(Soldatini et aL, 1985). In the case of soybean, Fukutoku and associates 
demonstrated that when soybean was subjected to severe water stress, fifty-four 
percent of the loss of leaf protein was balanced by a gain in free amino acids, 41% 
being found in proline and asparagine (Fukutoku et al., 2002). Using '^N radioactive 
tracer，the authors found that the nitrogen in the gained amino acids was mainly from 
that of protein degradation. 
Under prolonged salinity stress, amino acids accumulate in sink and source 
tissues of Coleus (Gilbert et a/., 1998). The extended exposure to salinity resulted in a 
reduction in shoot height and leaf size, as well as a reduction in total protein and 
nitrogen content in both the sink and source tissues. At the same time, accumulation 
of low molecular weight nitrogen-containing compounds in Coleus leaves 
maximized within the first 10 days of exposure to salinity, and then declined but 
remained slightly elevated for the rest of days. Amount those amino acids, arginine, 
asparagine and serine were the three prominent ones in both sink and source tissues. 
A large proportion of asparagine and less arginine in the sink tissue than the source 
tissue suggests that these compounds are mobile in the phloem. Furthermore, the 
pulse-chase labeling results showed that some accumulation of amino acids and 
amides were due to de novo synthesis and not simply the result of protein 
t 
degradation (Gilbert et al, 1998). 
The change of nitrogen metabolism by herbicide stress in soybean was 
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investigated (Jia et al., 2002). When the herbicide metsulfuron-methyl was applied 
via the nutrient solution to the root system of soybean, asparagine concentrations 
increased 3-6 times in stems, and leaves. Metsulfuron-methyl is known to impair the 
synthesis of branched amino acids and therefore inhibits protein synthesis. 
Accumulation of asparagine probably is a response to the inhibition of protein 
synthesis. 
1.5 Relationship of asparagine metabolism and photorespiration 
1.5.1 A brief introduction of photorespiratory pathway 
The oxygenation of ribulose-1,5-bisphosphate (RuBP) catalyzed by RuBP 
carboxylase/oxygenase (rubisco) leads to the process called photorespiration. 
Rubisco catalyses both carboxylation and oxygenation, however, the relative rates 
depend on the CO2 and O2 concentrations, respectively. Higher O2 to CO2 ratio 
favors photorespiration, by contrast, lower O2 to CO2 ratio favors photosynthesis. 
In the pathway of photorespiration, glycollate-2-phosphate is first hydrolyzed 
to glycollate by a chloroplastic phosphoglycollate phosphatase. After transported into 
the peroxisomes, glycollate is oxidized to glyoxylate by glycollate oxidase (one 
molecule of O2 is used). Glyoxylate can be transaminated into glycine by 
* 
serine: glyoxylate aminotransferase (SGAT) or by glutamate: glyoxylate 
aminotransferase (Zelitch, 1973; Tolbert, 1981; Ogren, 1984). Glycine is then 
catalyzed by glycine decarboxylase in the mitochondria to form serine. In this 
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reaction, CO2 and NH3 are released. After transport from the mitochondria to the 
peroxisomes, serine is converted by SGAT to hydroxypyruvate, which is then 
reduced to glycerate by hydroxypyruvatge reductase (HPR). Glycerate is then 
phosphorylated by glycerate kinase in the chloroplasts and the resulting 
glycerate-3-phosphate is converted into RuBP in the Calvin cycle. 
1.5.2 Involvement of Asn in the photorespiratory nitrogen cycle 
Some amino acids are involved in the photorespiratory nitrogen cycle (Ta, 
1986), indicating that photorespiratory metabolism is not a closed cyclic process (Ta, 
1985). A cyclic scheme was proposed in which serine and glutamate are involved as 
amino donors for glycine formation (Keys et al, 1978). In many legumes, asparagine 
is a major nitrogen compound for transport and storage and it is metabolized by 
either deamidation or transamination (Ireland and Joy, 1981; Ta et al.，1984). The 
enzyme responsible for Asn transamination is located in the peroxisomes and is 
identical to the Ser : glyoxylate aminotransferase (Ireland and Joy, 1983), which 
indicates the involvement of Asn in the photorespiration nitrogen cycle. The 
^^N-labelling experiments (Ta et al., 1985) provided evidence for the contribution of 
amino-N from Asn in the photorespiratory pathway. Ta and Joy, (1986) demonstrate 
that in the photorespiratory synthesis of glycine, Serine, alanine, glutamate and 
asparagine acted as sources of amino-N, contributing, 38, 28, 23, and 7% 
respectively of the N for glycine synthesis, while aspartate contributes less than 4% 
(Ta and Joy, 1986). If calculation based on the incorporation of ^^ N into glycine, 
indicated that about 60% serine, 20% alanine, 12% glutamate and 11% asparagine of 
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the N metabolized from each amino acid was utilized in the photorespiratory 
nitrogen cycle (Ta and Joy, 1986). 
1.5.3 Reassimilation of ammonium released from photorespiration 
The NH3 formed in the GDC reaction has been estimated up to 10-fold greater 
than the amount of primary nitrogen taken up by the plant (Keys et aL, 1978). Thus, 
the reassimilation of photorespiratory NH4+ is essential for maintaining the nitrogen 
status in plants. Based on conditional lethal phenotype, photorespiratory mutants 
(defective in GS and GOGAT) which shows severe symptoms of stress, such as 
chlorosis when grown in air (low CO2), have been isolated from many plant species 
(Somerville and Ogren, 1982; Kendall et al., 1986; Blackwell et al., 1987; Leegood 
et al., 1995; Karen et al, 1998). 
GS/GOGAT cycle plays important roles in assimilation of inorganic nitrogen 
into organic form in higher plants (Lea and Miflin, 1974; Keys et al., 1978; Miflin 
and Lea, 1980; Stewart et al., 1980). Inorganic nitrogen, in the form of ammonium, is 
converted via this cycle into the organic nitrogen compounds glutamine and 
glutamate. These two molecules act as nitrogen donors to synthesize almost all 
nitrogen containing compounds including amino acids, nucleic acids and chlorophyll. 
Sugar generated during photosynthesis provides the carbon skeleton for the primary 
nitrogen assimilation. Efficient transportation of photosynthetic products to roots 
would enhance the nitrogen assimilation rate (Oaks, 1992). 
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Besides playing a major role in primary nitrogen assimilation, GS/GOGAT 
cycle also contributes significantly in reassimilating the large amount of ammonia 
released during photorespiration. Glutamate synthase enzyme usually exists in two 
types: ferredoxin-dependent (Fd) GOG AT and NADH dependent GOG AT. 
Fd-GOGAT is the predominant form of glutamate synthase. In Arabidopsis, 
Fd-GOGAT accounts for 96% of the total GOGAT activity in leaves and 68% of the 
total GOGAT activity in roots (Someville and Ogren, 1980; Suzuki and Rothstein, 
1997). The Arabidopsis gls mutant, showed stressful phenotype under 
photorespiratory condition (Somerville and Ogren, 1980). This mutant containing 
less than 5% Fd-GOGAT enzyme activity in leaves when compared to wild-type. 
Probably due to this dramatic decline in Fd-GOGAT enzyme activity, the mutant 
appeared chlorotic and died when grown under conditions that enhanced 
photorespiration (air), but survived when grown under conditions that suppressed 
photorespiration (1% CO2). Two genes encoding Fd-GOGAT were found in 
Arabidopsis (Goshigaro et al., 1998). These two genes exhibit contrasting patterns in 
gene expression. One gene (GLUl) contributes to both primary nitrogen assimilation 
and photorespiration while the other one (GLU2) mainly involves in primary 
nitrogen assimilation. 
There are two distinct isoenzymes of glutamine synthetase (GS). GS2 located 
in chloroplast while GSl located in cytosol (Hirel and Gadal, 1980). At present, only 
* 
one nuclear gene for chloroplastic GS2 while multiple homologous genes for GSl 
were found in higher plants (Tingey and Coruzzi, 1987; Tingey et al., 1987; 
Sakamoto et al., 1990; Cock et al, 1991 Oliverira and Coruzzi, 1999). The 
i 
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biochemical, genetic and molecular evidences (Keys et al, 1978; Wallsgrove et al., 
1987; Edwards and Coruzzi, 1989; Lea and Forde, 1994; Kozaki and Takeba, 1996; 
Migge et al, 2000) show high-level expression of chloroplastic GS2 in leaf and 
support its role in the reassimilation of photorespiratory ammonium. Barley mutants 
defective in chloroplastic GS2 are unable to reassimilate photorespiratory ammonium 
and die when grown in air, further confirms the involvement of GS2 in reassimilating 
photorespiratory ammonium in leaf mesophyll cells (Lea and Forde, 1994). GSl 
expression is normally low in leaf mesophyll cells and is probably not participating 
in photorespiratory ammonium reassimilation. However when GSl was 
overexpressed in tobacco plants, both photorespiratory ammonium reassmilation 
ability and growth were enhanced (Oliveira, 2002). The author reasons that the 
ectopic overexpression of a cytosolic GS2 isoenzyme in the leaf mesophyll cells, 
where it is not normally expressed at high levels, could potentially provide an 
additional and / or alternate route to native chloroplastic GS2 in the reassimilation of 
photorespiratory ammonium. 
1.5.4 Photorespiration and stress physiology 
Photorespiration is not a wasteful process. Many findings suggested that 
photorespiration is important for maintaining electron flow to prevent 
photoinhibition under stress conditions (Osmond, 1981; Wu et aL, 1991; Osmond & 
Grace, 1995; Kozaki & Takeba, 1996; Osmond et al., 1997). Under severe drough 
stress conditions, photosynthetic rate is much reduced mostly due to the decline of 
activities and photosynthetic enzymes such as fructose-1,6-bisphosphatase, 
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sedoheptulose-1,7-bisphosphatase and NADP-dependent 
glyceraldehyde-3-phosphate dehydrogenase (Sanchez-Rodriguez et a!., 1999; 
Wingler et al., 1999). However, the amounts of photorespiratory enzyme proteins 
were not affected, and the amount of NADH-dependent HRP even increased, resulted 
in an increase in the photorespiration rate (Wingler, et al., 2000). Therefore, 
photorespiration could serve as an important means to maintain electron flow. It was 
reported that electron transport in the leaves of drought-stressed Phaseolus vulgaris 
plants was reduced by switching from 21% to 2% oxygen, demonstrated that 
photorespiration serves as an electron sink in dehydrated leaves (Brestic et a/., 1995). 
Under conditions of high salinity stress, plants encounter similar problems to 
those during drought stress. Initially, photosynthesis is inhibited by closure of the 
stomata and the resulting decrease in Ci, while non-stomatal effects become limiting 
when the chloride concentration increases further (Walker et al., 1981; Downton et 
al.，1990; Fedina et al.’ 1994). Many evidences show that the rate ofphotorespiration 
under conditions of high salinity stress,increases (Fedina et al., 1993, 1994; 
DiMartino et aL, 1999). In addition to sustained rates of electron transport due to 
photorespiration, the formation of zeaxanthin during salt stress probably also 
mitigates against photoinhibitory damage. Plants exhibit photoinhibition stress 
pheriotype when they are exposed to high light intensity, conditions usually faced by 
plants growing at high altitudes. To prevent the stress of photoinhibition, the plants 
will depend on photorespiration to maintain electron flow (Heber et aL, 1996). 
In conclusion, photorespiratory involves in dissipation of energy which 
i 
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otherwise would result in photoinhibition. Moreover, photorespiration also 
contributes to stress protection. Plant can be engineered to enhance its 
photorespiratory capacity and therefore increase its resistance to environmental stress. 
Barley mutants (Wingler et al., 1999) of chlorophyll fluorescence which contained 
about 50% of wild-type activities of the photorespiratory enzymes (GS-2, GDC and 
SGAT) in response to drought stress may give a support to the notion. When 
sufficient water was present, reduced activities of GS-2, GDC or SGAT did not affect 
photosynthesis. Under conditions of drought stress, rate of C02 assimilation declined 
almost linearly in the wild-type. However, in the mutants with reduced activities of 
photorespiratory enzymes, the decline was accelerated, resulting in lowering rates of 
C02 assimilation at moderate drought stress (Wingler et al, 2000). Furthermore, 
photorespiratory metabolism can generate useful metabolites such as glycine and 
serine. Therefore, abolishing photorespiration by engineering rubisco may not 
necessarily lead to improved plant performance, especially under unfavorable growth 
conditions. 
1.6 Role of Amino acids in Abiotic Stress Resistance 
1.6.1 Overview , 
‘ The relationship of amino acid metabolism and abiotic stress resistance of 
plants have been well documented (Stewart and Larher, 1980). The major role of 
amino acid metabolism on plant stress resistance was the synthesis of compatible 
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osmolytes. This class of molecules include certain amino acids (notably proline), 
quaternary ammonium compounds (e.g., glycinebetaine, prolinebetaine, 
p-alaninebetaine, and choline-O-sulfate), and the tertiary sulfonium compound 
3-dimethylsulfoniopropionate (DMSP). The quaternary ammonium compounds and 
DMSP are derived from amino acid precursors. These compounds share the property 
of being uncharged at neutral pH and are highly soluble in water (Ballantyne and 
Chamberlin 1994). Moreover, at high concentrations they have little or no perturbing 
effect on macromolecule-solvent interactions (Yancey et al 1982; Low 1985; 
Somero 1986; Yancey 1994). Unlike perturbing solutes (such as inorganic ions) that 
readily enter the hydration sphere of proteins that favoring unfolding, compatible 
osmolytes tend to be excluded from the hydration sphere of proteins and stabilize 
folded protein structures (Low 1985). These compounds are thought to play a pivotal 
role in plant cytoplasmic osmotic adjustment in response to osmotic stresses (Wyn 
Jones et al 1977). 
1.6.2 Proline accumulation and plant adaptation to water deficits and salinity 
stress 
Proline accumulation represents a common metabolic responses of higher 
plants to water deficits and salinity stress. This highly water-soluble amino acid is 
accumulated to osmotically significant levels by leaves in many halophytic 
higher-plant species grown in saline environments (Stewart and Lee 1974; Treichel 
1975; Briens and Larher 1982), in leaf tissues and shoot apical meristems of plants 
experiencing water stress (Bamett and Naylor 1966; Bogges et al. 1976; Jones et al. 
K 
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1980), in desiccating pollen (Hong-qi et al. 1986; Lansac et al. 1996)，or under NaCl 
stress (Katz and Tal 1980; Treichel 1986; Thomas et al. 1992). In the apical 
millimeter of maize roots, proline represents a major solute, reaching concentrations 
of 120 mM in roots growing at a water potential o f -1 .6 MPa (Voetberg and Sharp, 
1991). The accumulated proline accounts for a significant fraction (-50%) of the 
osmotic adjustment in this region (Voeberg and Sharp 1991). Proline accumulation in 
maize root apical meristerms in response to water deficits involves increased proline 
deposition to the growing region (Voetberg and Sharp 1991) and requires abscisic 
acid (ABA) (Ober and Sharp 1994). 
In vzvo-labeling studies with '"^ C labeled precursors (Morris et al. 1969; Oaks 
et al 1970; Boggess et al 1976), [^^C]glutamate (Hayser et al 1989) or 
'^NH^/^^NOs" (Rhodes et al 1986; Rhodes and Handa 1989) suggest that glutamate 
is a major precursor of osmotic stress-induced proline accumulation in plants. 
Osmotic stress results in an increase rate of proline biosynthesis (Boggess et al. 1976; 
Stewart, 1981; Rhodes et al 1986; Rhodes and Handa 1989). Proline accumulation 
involves induction of enzymes for proline biosynthesis (Peng et al 1996), possibly 
coupled with a relaxation of proline feedback-inhibition control of in the pathway, 
decreased proline oxidation to glutamate, mediated at least partly by down-regulation 
of proline dehydrogenase (Kiyosue et al 1996, Peng et al 1996), decreased 
utilization of proline in protein synthesis (Boggess and Stewart 1980; Stewart 1981), 
and enhanced protein turnover (Fukutoku and Yamada 1984). 
25 
Molecular evidence 
In bacteria, proline synthesis from glutamate is catalyzed by three enzymes: 
y-glutamyl kinase(GK), y-glutamyl phosphate reductase (GPR), and 
pyrroline-5-carboxylate reductase (P5CR), encoded by genes proB, proA, and proC, 
respectively. (Adams and Frank 1980; Csonka and Baich 1983). In higher plants, it is 
now clear that a similar pathway operates, with the exception that GK and GPR are 
embodied in one bifunctional polypeptide, pyrroline-5-carboxylate synthetase 
(P5CS), encoded by a single gene (Hu et al 1992). The GK activity of the 
bifunctional P5CS is inhibited by proline (Hu et al. 1992). P5CR transcripts also 
increase in abundance in response to osmotic stress (Delauney and Verma 1990; 
Williamson and Slocum, 1992; Verbruggen et al. 1993). It has been suggested that 
the expression of the proline biosynthetic genes are dependent on at least two signal 
transudation cascades: one triggered by exogenously applied ABA in the absence of 
stress, and the other triggered by cold and osmotic stress independently or 
exogenously applied ABA (Savoure et, al. 1997). Transgenic tobacco plants 
overexpressing P5CS shown increased resistance to both water-deficits and salinity 















Fig. 1.1 Pathway of proline synthesis. 
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1.6.3 Role of amino acids as precursors of quaternary ammonium compounds 
serving as compatible osmolytes 
The role of quaternary ammonium compounds as compatible solutes has been 
extensively reviewed (Wyn Jones and Storey 1981; Anthoni et al 1991; Rhodes and 
Hanson 1993; Gorham 1995). These zwitterionic compounds include glycinebetaine, 
choline办sulfate, P-alaninebetaine, prolinebetaine, and hydroxyprolinebetaine. They 
posses a fully methyl-substituted nitrogen atom (creating a permanent positive 
charge on the N moiety) and a negatively charged carboxyl group (in the case of 
betaines) or sulfate group. 
Choline Biosynthesis 
In higher plants, choline is derived from the amino acid serine, presumably via 
decarboxylation of serine to ethanolamine. The NH2-moiety of ethanolamine is then 
N-methylated to (CH3)3-N+-at the level, of either free ethanolamine bases or 
o-phosphorylethanolamine bases catalyzed by S-adenosylmethionine 
(SAM)-dependent A^-methyltransferases (Rhodes and Hanson 1993; Gorham 1995; 
Hanson et al. 1995). Choline, an alcohol without a negatively charged group, is not 
an osmoprotectant per Although it stimulates the growth of wild-type E.coli in a 
saline medium, it must be oxidized to glycinebetaine to function as an 
osmoprotectant. Thus, betA mutants of E.coli, defective in choline oxidation, are 


















Fig 1.2 Pathway of choline synthesis in the Chenopodiaceae (Rhodes 




Glycinebetaine is synthesized from choline in a two-step oxidation catalyzed 
by a ferredoxin (Fd)-dependent choline monoxygenase (CMO) and a betaine 
aldehyde dehydrogenase (BADH) with a strong preference for NAD+ (Rhodes and 
Hanson 1993). 
Salinity stress leads to a two-to threefold increase of CMO and BADH gene 
expression, and concomitant increases in enzyme level (Hanson et al. 1995). In 
maize, several naturally occurring glycinebetaine-deficient inbred lines has been 
identified (Brunk et al. 1989). They lack the ability to accumulate glycinebetaine in 
leaf tissue in response to either salinity stress or water deficits owing to a single 
recessive gene (betl), that was mapped to the short arm of chromosome 3 near the 
centromere (Rhodes et al. 1993; Yang et al. 1995). Homozygous 
glycinebetaine-deficient maize lines appear to be more salt-sensitive than 
near-isogenic homozygous glycinebetainercontaining lines (Saneoka et al. 1995), 
and they exhibit greater membrane injury and damage to PS-II in response to heat 
stress (Yang et al. 1996). Glycinebetaine-deficient maize lines exhibit a significantly 
elevated pool of free choline; however, choline does not accumulate to levels equal 
to the glycinebetaine level of glycinebetaine-containing lines, suggesting that choline 
must down-regulate its own synthesis (Yang et al 1995). Consistent with this, 
glycinebetaine-deficient lines of maize exhibit an elevated level of serine in 










Fig 1.3 Pathway of glycinebetaine synthesis in the 




This compound is synthesized from choline by a salt stress-inducible 
cholinesulfotransferase. It was particularly well illustrated in a consideration of the 
quaternary ammonium compounds accumulated by members of the Plumbaginaceae 
(Hanson et al. 1994). The adaptive significance of choline-O-sulfate in the 
Plumbaginaceae is thought to reside in the fact that salt glands of these species can 
excrete chloride, but not sulfate; thus, conjugation of sulfate with choline is proposed 
to be a mechanism of sulfate detoxification, converting a normally deleterious anion 
into a compatible osmolyte (Hanson et aL 1994). 
choline 
• Choline 
• sulfotransferase 畢 
Choline-O-sulfate 
Fig 1.4 Pathway of choline-o-sulfate synthesis in the Plumbaginaceae 





/3 -Alaninebetaine is only found in Plumbaginaceae species (Hanson et al. 1994). It 
is synthesized by direct N-methylation of the amino acid /S -alanine, presumably 
catalyzed by SAM-dependent N-methyltransferases (Hanson et al 1991，1994). 
Opposite to glycinebetaine synthesis, /3 -alaninebetaine does not require oxygen 
(Hanson et al. 1994). The -alaninebetaine biosynthetic pathway is active in both 
leaves and roots of ^ -alaninebetaine-accumulating Limonium species. It has been 
proposed that this pathway probably represents an adaptation to anoxic saline 






Fig. 1.5 Putative pathway of /3-alaninebetaine synthesis 





In some higher-plant species, proline can be metabolized to prolinebetaine. 
Comparisons of related species with different capacities for accumulation of 
prolinebetaine suggest that the free-proline pool size is inversely related to the total 
prolinebetaine pool size (Hanson et al. 1994; Nolte et al. 1997). Prolinebetaine is a 
more potent osmoprotectant than proline (Hanson et al. 1994). Conversion of proline 








Fig 1.6 Putative pathway of prolinebetaine biosynthesis 
(Rhodes et al. 1986) 
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1.7 A brief history of protoplast transient expression systems 
More than 40 years ago, Cocking (1960) published the first paper describing 
a method for the isolation of plant protoplasts. Ten years later, Aoki and Takebe 
(1969) successfully introduced tobacco mosaic virus RNA into tobacco mesophyll 
protoplasts, though the transfection system was not efficiently developed. Protoplasts 
were mainly used for studying cell wall regeneration, cell division, embryogenesis, 
and differentiation (Kao et al., 1970; Nagata and Takebe, 1970; Takebe, 1971; Vasil 
andVasil, 1972). 
It was later found that plant protoplasts retain physiological activities and 
regulation. For example, freshly isolated mesophyll protoplasts perform active 
photosynthesis and respiration (Edwards et al., 1970; Kanal and Edwards, 1973; 
Podibelkowska et al., 1975). Protoplasts also retain cell membrane potentials similar 
to to intact cells and have served as a model system to study membrane transporter 
(Moran et al., 1984; Schroeder et al., 1984, 2001; Maathuis and Sanders, 1994). 
The protoplast transformation methods have been intensively developing 
and improving over the years. Now, the transformation methods with plasmid DNA 
by polyethylene glycol (PEG; Krens et a l , 1982; Potrykus et al., 1985; Negmtiu et 
al., 1987), electroporation (Fromm et al., 1985; Nishiguchi et al., 1986; Ou-Lee et aL, 
1986; Haiiptmann et al., 1987; Jones et al., 1989) and microinjection (Hillmer et al., 
1992) are widely used for studies of gene regulation and signal transduction in plant 
cells. Moreover, the development of more and more reporter genes such as J3 
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-glucuronidase (GUS), Jefferson et al., 1987)，chloramphenicol acyltransferase (Seed 
and Sheen, 1988), LUC (firefly luciferase; Luehrsen et al., 1992) and later green 
fluorescent protein (GFP; Sheen et al., 1995; Chiu et al., 1996) for plant cells also 
favor the application of protoplast transient gene expression system. 
There are many successfully cases reporting that plasmid DNA constructs 
carrying chimeric reporter genes can be regulated by specific signals in transiently 
transformed protoplasts. Some of the successful examples are ABA-responsive Em 
promoter in rice {Oryza sativa) protoplasts (Marcotte Jr. et al., 1988), the 
UV-inducible chalcone synthase {CHS) promoter and elicitor-responsive 
pathogenesis-related {PR2) promoter in parsley protoplasts (Lipphardt et a l , 1988; 
van de Locht et al., 1990), the GA-regulated a -amylase gene promoter in oat 
{Avena sativa) and barley aleurone protoplasts (Huttley and Baulcombe, 1989; 
Gopalakrishnan et al., 1991; Jacobsen and Close, 1991), the p-coumaric 
acid-activated CHS promoter in alfalfa protoplasts (Loake et al., 1991), several tissue 
specific promoters in tobacco and maize protoplasts (Harkins et al., 1990; Schaeffner 
and Sheen, 1991, 1992; Sheen, 1991), the feedback control of the shrunken (sh) 
promoter in maize protoplasts (Mass et al., 1990), and light and metabolic regulation 





1.8 Advantages of mesophyll protoplast transient expression systems 
Isolated mesophyll protoplasts usually represent active and homogeneous 
cell populations that are suitable for the analysis of early and transient responses, and 
most importantly for DNA transformation (sheen, 2001). Single gene mutant always 
lack obvious phenotype (Bouche and Bouchez, 2001) due to functional redundancy 
of plant genes under common growth conditions. Protoplast transient expression 
assays can be used for high-throughput screening of candidate genes even for closely 
related members of gene families (Sheen, 1996, 1998; Kovtun et al., 2000; Cheng et 
al” 2001; Tena et al., 2001). The transient nature of the protoplast assay can also 
circumvent the difficulty in analyzing genes that cause lethality when deleted or 
overexpressed in plants. 
Mesophyll protoplasts isolated from fresh leaves have many practical 
advantages. For example, plant materials are grown from seeds that are 
genetically stable and more easily stored without subculturing and without the 
need of a sterile tissue culture facility. Recently, fast and simple procedures 
have been established to obtain homogeneous, active and responsive 
mesophyll protoplasts with high efficiency. The transformation efficiency of 
Arabidopsis and maize mesophyll protoplasts can reach 90% and 75%, 
,respectively (Sheen, 2001), and cotransfection of multiple plasmids 
I 
expressing different constructs is very efficient (Abel and Theologis, 1994; 
Kovtun et al., 1998; Sheen, 1998). 
、 
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1.9 Hypothesis and the major scope of this study 
Asparagine synthetase is encoded by 3 genes {ASNl, ASN2, ASN3) in 
Arabidopsis (Lam et al., 1998). ASNl has been shown to play a major role in 
regulating the free asparagine levels in Arabidopsis. Due to the different gene 
expression pattern and phylogenetic analysis, we hypothesized that ASN2 may play 
different physiological roles than ASNL In other plants, some AS enzymes were 
reported to have an ability to use ammonium as alternate substrate with higher Km. 
Plant normally does not accumulate higher amount of ammonium due to its toxicity 
that seriously hinders the normal growth. Although ammonium is immediately and 
continuously converted to glutamine via GS/GOGAT cycle, and most genes in this 
cycle were reported to play a role in reassimilating the ammonium generated due to 
photorespiration and others process, we hypothesize that when internal ammonium 
content has reached certain threshold, it will turn on the expression of ASN2, and 
ASN2 may play a role in NH4+ detoxification. 
Direct purification of AS enzyme is currently not very successful due to 
technical difficulties. In order to elucidate the function of ASN2, we studied the 
correlation between ASN2 gene expression and ammonium metabolism under stress 




2. Materials and Methods 
2.1. Materials 
2.1.1. Plants 
In this project, one of the asparagine synthetase gene member {ASN2) in 
Arabidopsis thaliana previously overexpressed and underexpressed in Arabidopsis 
thaliana wild type ecotype (Col-0) was made and two homozygous overexpressor 
lines (402-Al-bl and 402-IT-13) and two homozygous underexpressor lines 
(401-A4-cl and 401-Al-a8) were used for this studies. Two lines of azaserine 
resistant mutants (111-MS，111-L2) previously screened in our lab were also 
included for studies of ASN2 gene function. 
2.1.2. Bacteria strains and plasmid vectors 
The Escherichia coli strains DH5a and the plasmid pBluescript KSII(+) were 
used as the host and vector, respectively, for gene cloning unless stated the otherwise. 
The transient gene expression vector (pBI221) was used for ASN2 promoter studies 
2.1.3. Primer 
> 
T3 and T7 primers were used for PCR screening and sequencing. The DNA 
sequences of T3 and T7 primers respectively are 
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5 ’ - AATTAACCCTC ACTAAAGGG-3 ’ and 
5‘-GTAATACGACTCACTATAGGGC-3‘. ASN2 probe that encompassed 1387-1819 
nt of the ASN2 cDNA sequence was synthesized by two oligonucleotide primers 
(HM56: 5 ‘ -G ATGGTCTG A A AG ATC ATGC-3 ‘ and HM67: 
5'-GATCCCTCTAGAAGATAACG-3'). ASN2 promoter was cloned by using two 
oligonucleotide primers (HM1462: 5‘-TGTTTTCTCAATCACATCCACTTC-3‘ and 
HM1463: 5'-AGAGTGGCAACGAAAACAAAA-3') for promoter studies. 
2.1.4. Chemicals and reagents 
The major chemicals and reagents used in this research are listed in Appendix 
1. 
2.1.5. Solution 
The major solutions and buffers used in this research are tabulated in 
Appendix II. 
2.1.6. Commercial kits -
The major commercial kits used in this research are listed in Appendix III. 
2.1.7. Equipment and facilities 
All equipment and facilities used in this research were provided by 
Department of biology, The Chinese University of Hong Kong. The inventory was 
shown in'Appendix IV. 
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2.2. Methods 
2.2.1. Growth medium and condition 
2.2.1.1. Normal growth condition 
Seeds of A. thaliana were first surface sterilized in 100% Clorox for 3 
minutes with vigorous shaking. The seeds were then rinsed with 1ml autoclaved 
double distilled water for 3 times to remove Clorox. The surface sterilized seeds 
were individually placed onto Murashige & Skoog (MS) basal medium (Gibco-BRL) 
containing 3 % sucrose and 0.9 % agar at pH adjusted to 5.7 using KOH. The seeds 
were then allowed to imbibe on MS agar plate at 4°C in darkness for two days 
before transferring into environmentally controlled chambers. Regular light-dark 
cycle was set to a day length (illumination of 80|iE at 22°C) for 16 hours, followed 
by a dark period of eight hours at about 20�C. Ten to twelve day old seedling of 
similar developmental stages were transferred to Metro-Mix-200 soil (Hummert, St 
Louis, MO) for further growth under identical conditions. Different lines were 
transferred to separate pots and subirrigated using a common tray. Similar amount of 
water and nutrients were applied to all the trays, but not to individual plants to avoid 
uneven distribution of nitrogen resources. 
2.2.1.2. Growth media and stress treatments 
> 
In experiments testing the ammonium dependence of light induction of 
ASN2, 12-day-old seedlings were transferred to new MS medium containing 20 mM 
I 
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ammonium (concentration in regular MS) or ammonium free MS medium that 
contained the same molar amount of nitrogen (supplied in form of NaNOs). The 
plates were exposed to 48 h continuous light or continuous dark conditions before 
harvesting. In experiments showing the kinetics of ammonium effects on ASN2 
gene expression, 14-day-old seedlings originally grown in regular daylight on MS 
medium containing no or 20 mM ammonia were transferred to MS medium 
containing 20 mM and no ammonia, respectively. The seedlings were allowed to 
grow under continuous light and samples were harvested at 2, 4, 8, 16, 24, and 48 h 
after treatments. 
In NaCl stress experiments, the seedlings were transferred to MS medium 
supplemented with 200 mM NaCL In cold stress experiments, the seedlings were 
transferred to regular MS medium but grown in a 10°C growth chamber. The 
samples were harvested at 4, 8, and 16 h after treatment. All treatments were 
performed during the regular light cycle. 
To test the endogenous ammonium contents in ASN2 transgenic lines when 
grown in medium supplemented with different concentrations of exogenous 
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ammonium, 10-day-old seedlings were transferred to MS medium containing 20 mM 
or 50 mM ammonium and allowed to grow under regular daylight cycle for 5 d 
before harvesting. 
To test the accumulation of ammonium under different light intensities, seeds 
were allowed to germinate on MS medium containing 1% (w/v) sucrose. 
12-day-old seedlings grown under a regular light/dark cycle (at in irradiance of 35 
ji E) were divided into two sets. The two sets of seedlings were exposed 
continuous low irradiance (35 jiE) or high irradiance (150/iE) for 72 h before 
harvesting. 
2.2.1.3. Plant growth in azaserine medium 
The surface sterilized seeds were individually placed onto Murashige & 
Skoog (MS) basal medium (Gibco-BRL) containing 3 % sucrose, 0.9 % agar and 
\[iM azaserine. at pH adjusted to 5.7 using KOH. The seeds were then allowed to 
imbibe on MS agar plate at 4°C in darkness for two days before transferring into 
, environmentally controlled chambers. Regular light-dark cycle was set to a day 
) 
length (illumination of 80|iE at 22°C) for 16 hours, followed by a dark period of 
eight hours at about 20°C. Phenotypes were observed after 10-14 days of growth. 
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2.2.2. Biochemical Assay 
2.2.2.1. Ammonium assay 
(a) Principle 
In the presence of glutamate dehydrogenase (GIDH) and reduced 
nicotinamide-adenine dinucleotide (NADH), ammonia reacts with 2-oxoglutarate to 
L-glutamate, whereby NADH is oxidized. 
+ GIDH + 
2-Oxoglutarate + NADH + NH4t • L-glutamate +NAD +H2O 
The amount of NADH oxidized in the above reaction is stoichiometric to the 
amount of ammonia. NADH is determined by means of its light absorbance at 334, 
340 or 365nm. 
(b) Procedure 
For one sample, one tablet of NADH was dissolved in one ml of solution 
(which contained triethanolamine buffer,,pH approx. 8.0; 2-oxoglutarate, 150mg) to 
form reaction X. The reaction was set as described in the following table. 
100 
Pipette into Blank Sample 
cuvettes 
Reaction mixture 0.5 ml 0.5 ml 
2 
Sample solution -… 0.1ml 
Redist. water 1 ml 0.9 ml 
Cuvettes were mixed and absorbance of OD 340 nm (Ai) were 
measured after approximately stayed 5 min at room temperature. The 
reactions were started by addition of:  
GIDH enzyme 0.01ml 0.01ml 
Cuvettes were mixed completely and stayed at room temp, for 30 
min. for completion of reaction, absorbance of OD 340 nm (A2) were  
measured.  
(c) Concentration calculation 
Concentration of ammonium was calculated according to this 
general equation, 
_ V x M W 
Cone. = X AA [g ammonia/1 sample solution] 
s x d x VX 1000 
Where, 
V = final volume [ml] 
V = sample volume [ml] 
* 
•MW = molecular weight of the substance to be assayed [g/mol] 
d = light path [cm] of cuvette] 
8 = extinction coefficient ofNADH at: 
« 
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340 nm = 6.3 [1 x mmor^ x cm" ]^ 
AA = (Al-A2)sample _ (Al-A2)blank 
2.2.2.2. Ammonium extraction for ammonium assay 
Plant tissues were harvested and frozen immediately in liquid nitrogen. 
Each sample was ground in 150//1 of protein grinding buffer (50 mM Tris-HCl, pH 
8.0, 10 mM imidazole, and 0.5 % (w/v) ^ -mercaptoethanol) (Oliveira, 2002). The 
samples were vortexed vigorously and spun for 15 min at the maximum speed in a 
microfuge. The upper layer was transferred to a new microtube, of which 50 ji 1 
was saved for protein assay [Bradford, 1976 #134]. Free ammonium was assayed 
in the remaining sample using a commercial kit (Boehringer Mannheim, Mannheim, 
Germany) as described above. 
2.2.2.3. Soluble protein determination 
The protein was assayed (Bradford MM, 1976). Serial dilution of the protein 
standard was prepared by dissolving l-20ng BSA in water. 800|il of protein standard 
was mixed with 200)il dye reagent concentrate. The solution was incubated for 5 
minutes and its absorbance at 595nm was measured. Water was added in place of 
sample for blank measurement. Standard curve for different protein concentration 
was plotted. Absorbance at 595nm of unknown sample was measured and matched 
against the standard curve to deduce the protein amount in the sample. 
2.2.2.4. Detection of chlorophyll content 
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Leaves and cotyledons were cut out from the seedlings grown on MS media 
and soaked in 0.8ml of N,N-dimethylformamide for overnight in complete darkness. 
The supernatants were collected by brief centrifugation. 200|il of samples were 
loaded to a quartz microliter plate before subject to spectrophotometric analyses 
(Spectra Max 250). Optical densities (O.D) at 664，647 and 603nm were measured. 
Chlorophyll a (12.91*OD664 - 2.12*OD647 - 3.85*OD603), chlorophyll B 
(-4.67*00664 + 26.09*OD647 - 12.79*OD603) and total chlorophyll (chlorophyll a 
+ chlorophyll b) contents were estimated using formula reported previously (Moran, 
1982; Moran & Porath, 1980) 
2.2.3. Molecular techniques 
2.2.3.1. Bacterial cultures for recombinant DNA 
Bacterial strains (E. coli and A. tumefaciens) were inoculated from glycerol 
stocks (stored at -70°C) into LB broth (E. coli) or YEP broth {A. tumefaciens) and 
shake at 200 rpm (Orbital shaker, Lab. line 4628-1), 37°C, for overnight {E. coli) or 
at 250 rpm, 28°C, for two days (A. tumefaciens). Antibiotics were added when 
appropriate to the growth media in final concentrations of lOOmg/ L and 50mg/ L， 
for ampicillin and kanamycin, respectively. 
* 
2.2.3.2. Recombinant DNA techniques 
� 
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Restriction of DNA was normally done with 2 units of restriction enzyme per 
microgram of DNA in the presence of Ig/L Bovine serum albumin (BSA) in IX 
restriction buffer (as recommended in the company product notes) and incubated at 
37°C for 3 hours to 16 hours. Ligation of DNA fragments and vectors with 
compatible ends were performed with ImM dATP and 3 units T4 DNA ligase 
(Promega) in IX T4 DNA ligase buffer (as recommended in the company product 
notes) and the reaction mixes were incubated at 16 °C overnight. For blunt end 
ligation, the ligation was performed with 0.5mM dATPs, 150mM sodium chloride 
and 50 Weiss units/ml T4 DNA Ligase (Promega) at 22.5 °C overnight. 
DNA purification was carried out as described in the company manuals using 
commercial kits，such as Bio-Rad Prep-A-Gene DNA Purification kit and High Pure 
PGR Product Purification Kit. 
2.2.3.3. Transformation of DH5a Competent cell 
(a) Preparation of CaCb-competent DH5a cells 
DH5a or DE3 cells was first inoculated into 5 ml LB medium and shook at 
200 rpm (Orbital shaker, Lab. line 4628-1), 37°C overnight to make a starter culture. 
Four milliliters starter culture was then added to 400 ml LB medium and allowed to 
grow to until optimal density at 600nm (O.D. 600) reached 0.4. The culture was 
chilled on ice for 10 minutes and centrifuged at 1600g for 7 minutes at 4°C After 
discarding the supernatant, the cell pellet was resuspended in 80ml ice-cold 60mM 
CaCb solution. The cell culture was centrifuged at llOOg for 5 minutes at 4°C 
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Supernatant was discarded again and cell pellet was resuspended with 80ml ice-cold 
60mM CaCb solution. The suspension was allowed to stand on ice for 30 minutes. It 
was then centrifuged at llOOg for 5 minutes at 4°C . The pellet was finally 
resuspended with 8ml ice-cold CaCb solution after discarding the supernatant. 
Aliquots of 0.1 ml were transferred into prechilled, sterile 1.5ml eppendorf tubes and 
stored at -70°C until ready to use (modified from Sambrook, et a!.’ 1989). 
(b) Transformation of DH5a competent cells 
The plasmid DNA was transformed into DH5 a or DE3 competent cells via 
heat shock calcium chloride mediated transformation. The plasmid DNA was added 
to an aliquot of 0.1 ml pre-chilled competent cells. The mixture was allowed to sit on 
ice for 10 minutes, followed by a heat shock at 42°C was carried out for 2 minutes. 
Cells were immediately rescued by adding 0.5 ml LB broth and incubated at 37°C 
for 1 hour with shaking at 150 rpm (Orbital shaker, Lab. line 4628-1). The recovered 
cells were spread on LB agar plate with appropriate antibiotic for selection and 
incubated at 37°C overnight. -
2.2.3.4. Gel electrophoresis 
DNA gel electrophoresis 
Agarose gel was prepared by heat-dissolving 8mg/ ml agarose powder in IX TAE 
using a microwave. After cooling down to below 70°C, Img/ ml ethidium 
bromide was added before pouring onto a gel caster. DNA samples in IX 
100 
bromophenol blue loading dye were normally loaded onto 0.8% agarose gels. The 
gel electrophoresis was run in IX TAE buffer at 80 V for 30 minutes to 3 hours. 
RNA gel electrophoresis 
One percent denaturing gel was prepared by heat-dissolving 1.2g agarose gel 
powder in 104.4 ml DEPC-treated deionized water using a microwave. Twelve ml 
lOX MOPS buffer and 3.6 ml formaldehyde (37%, pH>4.0) were added after the 
temperature was cooled to below 70°C. The denaturing gel solution was then mixed 
and poured in a clean gel tray. Fifteen microgram aliquots of RNA sample was added 
in a final volume of 50^1 solution containing 5 lOX MOPS, 25 [d 37% formamide, 
9 formaldehyde, 1|li1 Img/ ml ethidium bromide and 1 \x\ 6X bromophenol blue 
loading dye. The sample mixture was denatured at 55°C for 20 minutes and then put 
immediately onto ice. The denatured RNA samples were loaded onto the denaturing 
agarose gel and gel electrophoresis was run in IX MOPS buffer at 80 V for 2 hours. 
2.2.3.5. DNA and RNA extraction from plant tissues 
CTAB extraction of genomic DNA 
The protocol of isolation of plant genomic DNA was modified from Doyle 
and Doyle (1987). Approximately Ig plant tissue was first frozen and ground in 
liquid nitrogen before 'homogenized with 5ml 2X CTAB extraction buffer. The 
extract was then incubated at 60°C for 30 minutes before centrifuged at 3000g at 
room temperature for 10 minutes. Aqueous layer was transferred to a new tube and 
extracted with phenol: chloroform: isoamylalcohol (PCI) (25:24:1) once and 
chloroform: isoamylalcohol (CI) (24:1) for twice. Ethanol precipitation of nucleic 
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acid was done by adding one-tenth volume of 3M sodium acetate (pH 5.2) and 2 
volumes of absolute ethanol and kept at -20°C overnight. After centrifugation at 10 
OOOg for 15 minutes and discarding the supernatant, the pellet was washed with 
CTAB washing buffer and air-dried. Finally, the pellet was resuspended in sterilized 
deionized water supplemented with Ijug/ ml RNaseA and incubated at 37°C for 1 
hour to remove RNA (Doyle and Doyle, 1987). 
Plasmid DNA extraction from bacterial cells 
Plasmid DNA was isolated using the Wizard plus minipreps DNA purification 
kit (Promega). The procedures were according to the commercial manuals except the 
volume of cell culture used. For high copy number plasmids, such as pBluescript, 
3ml cell culture was used as starting material per reaction. However, for low copy 
number plasmids, such as V7 and W104, 20ml cell culture was used instead. 
RNA extraction from plant tissues 
Plant RNA extraction protocol -was modified from a standard protocol 
(Ausubel, et al, 1995). Approximately 5g plant tissue for RNA extraction was 
harvested and immediately frozen and ground in liquid nitrogen before homogenized 
in 25ml extraction buffer. The aqueous portion of the sample was then extracted 
twice with PCI followed by two rounds of CI extraction. One-tenth volume of 3M 
sodium acetate (pH 5.2) and 2 volumes of absolute ethanol were added to the 
* 
resulting'aqueous layer and the sample was stored at -20°C overnight to precipitate 
the nucleic acids. After centrifugation at SOOOrpm for 20 minutes (roter F34-6-38: 
Centrifuge 581 OR, Eppendorf), supernatant was discarded and the nucleic acid pellet 
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was resuspended with 1 ml 3M sodium acetate, pH 5.6 and the suspension was 
transferred to a 1.5ml microcentrifuge tube. After centrifugation at 13000 rpm for 30 
minutes, mRNA and rRNA were precipitated and tRNA and DNA remained in the 
supernatant. After repeating the 3M sodium acetate pH5.6 extraction one more time 
(using 0.5ml this time), the pellet was then resuspended in 0.4ml 0.3M sodium 
acetate pH5.6 and the RNA was precipitated by adding 1ml 100% ethanol and kept at 
-20°C overnight. After centrifugation at 13, 000 rpm (Refrigerated centrifuge 581 OR， 
Eppendorf 03463) for 30 minutes and removal of supernatant, the RNA pellet was 
air-dried before resuspended in DEPC-treated deionized wa te r . . 
2.2.3.6. Generation of cRNA probes for northern blot analyses 
For generating of cRNA probes for Southern and Northern blot analyses, 2|ig 
of each target cDNA carried in pBluescript II KS (+) was digested with appropriate 
restriction enzyme at the 5' end of the insert to linearize the plasmid before in vitro 
transcription. The linearized fragment was then purified with Bio-Rad Prep-A-Gene 
Purification kit. In vitro transcription was accomplished with DIG RNA labeling kit 
(Roche). In the in vitro transcription reaction, 1 linearized and purified pBluescript 
II KS (+) carrying the target cDNA fragment was added in the reaction as template, 
T7 or T3 RNA polymerase (basing on the promoter located at the 3' end of the target 
cDNA) and DIG RNA labeling mix were used to synthesize cRNA labeling with DIG 
conjugate, in the presence of 4 units/ \x\ RNase inhibitor (Roche). The 40|^1 reaction 
mix was incubated at 37°C for two hours. After the reaction, the product was diluted 
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by 5-folds and the quality was checked by gel electrophoresis of 1|li1 of the diluted 
sample. 
2.2.3.7. Northern blot analysis 
After taking the photo record of the gel, the RNA in the gel was transferred to 
a positively charged nylon membrane (Roche) by capillary transfer running in 1 OX 
SSC for 16 hours. The membrane was then fixed by UV crosslinking and subjected 
to hybridization, stringency washes and chemiluminescent detection. 
Hybridization 
The membranes were transferred to hybridization bottles separately and at 
least 7.5 ml of pre-hybridization solution was added to each bottle. They were 
incubated at 68®C for 2 to 4 hours. Pre-hybridization solution consists of 50% 
formamide, 5X SSC, 2% blocking solution, 50mM Na-phosphate (pH 7.0), 0.1% 
N-lauroylsarcosine and 7% SDS. The pre-hybridization solution was then discarded 
and the same volume of hybridization solution (pre-hybridization solution with 
25-50ng DIG-labeled probes) was added to each tube. The membranes were then 
incubated at 68°C 16 hours inside hybridization oven with continuous rotation. 
Stringency washes 
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After hybridization, the membranes were washed in cold wash solution (2X SSC, 
10% SDS) for 15 minutes in room temperature twice. They were then washed with 
pre-warmed hot wash solution (0.5X SSC, 0.1% SDS) for 15 minutes in 68°Ctwice. 
Chemiluminescent detection 
In room temperature, the washed membranes were rinsed in IX maleic acid 
buffer, pH7.5 for 2 minutes. Before incubating with 2% blocking solution for 2 to 4 
hours to avoid non-specific binding. 2% blocking solution containing 1:10000 
alkaline phosphatase-conjugated antibody specific for digoxigenin (Roche) was 
added and incubated with the membranes for 30 minutes. Unbounded antibody were 
then washed with IX maleic acid buffer, pH7.5 twice for 15 minutes in room 
temperature again before soaking in detection buffer (lOOmM Tris HCl, lOOmM 
NaCl, pH 9.5) for at least 2 minutes. 
The membranes was transferred to a clean plastic wrap and CSPD (Roche) 
was added onto the membrane. The wrapped membrane was placed into a film 
cassette. It was exposed to a sheet of X-ray film (BioMax, Kodak) at 37�C for 2 
hours to overnight. The film was developed in developer and replenisher (Kodak 
GBX) for 1 minute and another 5 minutes in fixer and replenisher (Kodak GBX) 
with water rinsing between the two steps. 
) 
2.2.3.8. PCR techniques 
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Otherwise stated, for generating DNA fragment for subcloning and PGR 
amplification, the PGR reaction mixture contained Ing plasmid, 0.2 |iM of each 
primer, IX PGR buffer with 1.5mM MgCb, 0.2mM dNTPs and 1 Unit Taq DNA 
polymerase were reacted in a final volume of 50|iL 
2.2.3.9. Sequencing 
PCR-aided DNA sequencing was performed by using the ABI prism 
dRhodamine terminator cycle sequencing ready reaction kit (Applied Biosystems) to 
make labeled single strand DNA. The PGR reaction product was added with 2//1 3M 
sodium acetate (pH5.2) and 50 fi 1 95% ethanol. The mixture was kept on ice for 30 
minutes and centrifuged at 14000g for 30 minutes. The DNA pellet was washed in 
70% ethanol after removal of supernatant. The washed and air-dried pellet was then 
resuspended in 15 //1 Template Suppression Reagent. The sample was then applied to 
the Genetic Analyzer ABI prism 310 for analysis. 
2.2.4. Genetic techniques -
2.2.4.1. Backcross of azaserine resistant mutant 
The crossing procedure was adopted from a common protocol (Koornneef M, 
1998). The young and unopened flower buds were chosen in a vigorous plant bearing 
20 to 25 buds and flowers. Their sepals, petals and stamens were carefully removed 
to expose the pistils using extra fine forcepts and magnifying glass. Flowers bearing 
rough pollens, observed under 1 Ox magnifying glass, were mature enough to become 
a suitable pollen donor. After removal of petals, the anthers bearing tremendous 
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pollens were picked and touched directly on the exposed pistils in female parental 
plant. The pistils were then wrapped with Seran Wrap to prevent from drying out. 
Tags were made to mark the crossed flowers. Pistil should elongate within 48 hours 
if pollination was successful. Seran Wrap could be removed at this time. Fully 
mature seeds were harvested from individual tagged flowers for further analysis. 
2.2.4.2. Phenotype screening of backcross progenies 
MS medium containing IjiM azaserine was used to screen for successful 
crossing. 100 seeds of F2 progenies of backcross (azaserine resistant mutant X Col-0) 
were plated on the medium. After 10-14 days, number of seedlings showing resistant 
phenotype (longer roots and green leave) and sensitive phenotype (shorter roots and 
yellowish leave) were counted and subjected to chi-square test. The resistant 
J 
progenies were allowed to grow in soil until matured and their seeds were collected. 
Homozygosity was confirmed by plating 100 F3 seeds in azaserine containing MS 
medium which showed all resistant phenotype. 
2.2.5. Transient gene expression 
2.2.5.1 Protoplast isolation from Arabidopsis left 
Arabidopsis rosette leaves of 3 to 4 week old were harvested and rinsed with 
sterile water. The washed leaves were briefly dried on a piece of tissue paper. Due to 
the "transient" nature of experiments, it was not necessary to perform experiments 
under sterile conditions. 10 to 15 leaves were piled up and cut with fresh razor blades < 
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into 0.5-1mm leaf strips without tearing. The leaf strips were put into an enzyme 
solution (1% cellulase RIO sigma, 0.3% macerozyme RIO sigma, 0.4M mannitol, 
20mM KCl, 20mM MES, lOmM CaCb and 0.1% BSA) immediately to prevent 
drying. The chopped leaves were vacuum-infiltrated to release the bubbles in 
inter-cells so that efficient cell wall digestion could be achieved. The digestion bottle 
was then incubated in the dark at 22^C for about 2.5 hours with gentle agitation (50 
rpm). Drops of the enzyme solution were taken out periodically under microscope to 
observe the state of digestion. Incomplete digestion would generate major portion of 
protoplast with non-spherical shape due to uneven distribution of cell wall; 
prolonged digestion would resulted in cell lysis. After complete digestion, the bottle 
was agitated at 75 rpm for 3 minutes to release the protoplast from tissue. The 
released protoplasts were separated from undigested tissues by filtration through 
Mesh 60 (Sigma) and poured into 50 ml falcon tubes. The crude protoplast filtrate 
was diluted with 0.5 volume 200 mM CaCb.The protoplasts were then centrifuged 
for 5 minutes at 60g. The supernatant was removed carefully by glass pipette without 
disturbing the protoplasts. The pellet was then resuspended by gently inverting the 
tubes for several times with 1 volume 0.5 M mannitol and 2 volume 200mM CaCb. 
It was centrifuged at 40 g for 5 minutes to allow sedimentation. Supernatant was 
removed and the protoplast were resuspended in 2 volumes 0,5 M mannitol and 1 
volume 200mM CaCl2 before Centrifuged again at 40 Xg for 5 minutes and removed 
the supernatant. Finally, the purified protoplasts were resuspended in 5-10 ml W5 
solution '(154 mM NaCl, 125 mM CaCb 5 mM KCl, 2 mM MES pH5.7, and 5 mM 
glucose), and stored on ice for at least 30 minutes before transfection. The 
concentration of protoplasts was calculated by using hematocytomter under 
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microscope at 40x magnification. At least three repeats were performed in order to 
get statistically valid number of protoplasts. 
2.2.5.4 Protoplast transformation 
Before starting transfection, the protoplast cells were centrifuged down at 40 
Xg for 5 minutes. The supernatant was removed and the pellet was resuspended in 
MaMg solution at a density 2 x 10^ cells per ml. For each transformation, about 4 x 
104 cells were transferred to a new 50 ml falcon, 50|ig plasmid DNA (at 
concentration 2 mg per ml) was then added to the protoplast. The falcon was gently 
swirled to mix the protoplast and plasmid DNA. 40% PEG 6000 solution was 
immediately added to a final concentration of 20%, the mixture was mixed 
thoroughly but gently to a homogenous phase. The mixture was then left at room 
temperature for 30 minutes to allow taking up of plasmid. The transfection mixture 
was diluted with W5 solution at a stepwise addition of 0.6 ml, 1 ml, 2 ml and 4ml 
over a period of 20 minutes. The protoplasts were then centrifuged down at 60 Xg 
for 5 minutes. The supernatant was removed, and the pellet was washed once in 5ml 
W5 solution. Finally the protoplasts were resuspended in 3 ml protoplast culture 
medium (4.3 g MurasHige and Skoog salts, 400 mM sucrose, 100 mg myo-inositol, 
250 mg xylose, 460 mg CaCb, 10 mg thiamine, 1 mg pyridoxine, 1 mg nicotinic acid, 
pH adjusted to 5.8 with KOH) and incubated in the dark at 22°C for specified time 
periods. 
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2.2.5.5 GUS protein extraction from protoplasts 
The protoplasts from protoplast culture medium were spurn down at 60Xg for 
5-10 minutes. The supernatant was discard carefully to prevent disturbing the pellet. 
0.5 ml GUS extraction buffer (50 mM NaHP04, pH 7.0, lOmM P-mercaptoethanol, 
10 mM Na2EDTA，0.1% sodium lauryl sarcosyl, 0.1% Trition X-100) was added to 
each sample. Completely resuspended solution was transferred to an 1.5 ml 
eppendorff. The protoplast cells were broken down by immersing the eppendorff in 
liquid nitrogen and then allow thawing in room temperature. This step was repeated 
two times in order to complete break down the protoplasts. The eppendorffs were 
centrifuged at the highest speed to sediment the cell debris and the supernatant which 
contained total protein was transferred to a new eppendorff tube. The samples were 
kept in deep freezer until GUS-assay was performed. 
2.2.5.6 GUS assay 
GUS activity assay was based on the reaction that GUS will hydrolysis the 
substrate，4-methylumbelliferyl p-D-glucuronide (MUG), to two products, 
glucuronic acid and 7-hydroxy-4-methylcoumarin (MU). The MU is maximally 
fluorescent when the Hydroxyl is ionized, and as a consequence when the assays 
are stopped with sodium carbonate. The excitation and emission spectra MU in 
t 
carbonate stop buffer was recorded as 365 and 460 respectively. Therefore, applying 
fluorometer with the wavelength fixed at 365 and 460 nm for excitation and emission, 
respectively, could be used to measure the amount of MU in sample. < 
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3. Result 
3.1. Expression of ASN2 and ammonium assay in Arabidopsis 
thaliana under various stress conditions and senescence. 
3.1.1. NH4+ upregulates ASNl gene expression level 
Asparagine synthetase reported in some plant species may use ammonium 
instead of glutamine as alternative substrate, though with higher Km values (Oaks, 
1983). ASNl (one of the gene members in Arabidopsis thaliana) was considered the 
main gene responsible for controlling the free aspargine pool by converting 
glutamine and aspartate to asparagine and glutamate (Lam, 2003). However, another 
ASN gene member, ASN2, was reported form a separate dentritic group with plant 
asparagine synthetase enzymes that may use ammonia as the alternate substrate (Lam, 
1998). To test the possible role of ASN2 in ammonium metabolism, its gene 
expression in response to ammonia was investigated. 
It was shown that supplementation of exogenous ammonium lead to 
asparagine accumulation in plants (Prianischnikow, 1922). We therefore examined 
the regulation of ASN gene expression in A. thaliana in response to light and 
ammonium treatment. In previous studies, we showed that light induces ASN2 
expression and represses ASNl expression in plants grown in MS media [Lam, 1998]. 
Here, it was shown that the light regulation of ASN2, but not ASNl is dependent on 
the presence of ammonium in the media (Fig. 3.1). When the plants were grown on 
regular MS medium (20mM ammoniuin/40mM nitrate) for 48 h under continuous 
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light (Fig. 3.1 lane 1)，ASN2 mRNA level was increased compared to plants that had 
been dark adapted for 48 h (Fig. 3.1，compare lanes 1 & 2). This result is consistent 
with previous findings on light induction of ASNl gene expression [Lam, 1998]. 
However, if ammonium was removed from the growth medium, no light induction of 
ASN2 could be observed (Fig. 3.1, compare lanes 3 & 4). By contrast, the presence 
of ammonium has no effect on the light repression of ASNl gene expression (Fig. 
3.1). 
We further investigated the kinetics with which ammonium effects on ASN2 
mRNA accumulation. For this, plants were first grown on ammonium-free MS 
medium for 14 days before being transferred to growth medium containing 20 mM 
ammonium (Fig. 3.2A). Induction of ASN2 mRNA levels were first observed 4 h 
after the switch to the ammonium containing media (Fig. 3.2A, lane 3). Maximal 
induction of ASNl mRNA was observed after 24 h (Fig. 3.2 A, lane 7). A reciprocal 
experiment was performed by first growing the plants on regular MS medium 
containing 20 mM ammonium, before transferring the plants to ammonium free MS 
medium (Fig. 3.2B). An initial decrease of ASN2 mRNA was observed 2 h after the 
transfer (Fig. 3.2B, lane 2), and maximal repression was observed after 16 h (Fig. 
3.3B, lane 7). The reduction of ASN2 mRNA in ammonium-free medium was not 
due to nitrogen deprivation, since additional nitrate was added to the ammonium-free 
. medium to maintain an equal nitrogen supply. The above data further supports that 
> 
ASN2 gene expression is strongly dependent on the presence of ammonium, 
especially under light grown conditions. 
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Figure 3.1. Ammonium controls the light induction of ASN2. 12-day-old 
seedlings grown on MS agar plates under a regular day/light cycle (16 h light: 8 h 
dark) were transferred to new MS medium containing 20 mM (Lanes 1 & 2) or 
no (Lanes 3 & 4) ammonium. NaNO�was added to ammonium-free medium to 
maintain an equal molar concentration of nitrogen resources. Plants were 
subsequently treated under continuous light (L) or continuous dark (D) conditions 
for 48 h. Total RNA was extracted from the seedlings as described in Materials 
and Methods. An aliquot of 15 /zg of total RNA from each line was loaded 
onto each lane. Northern blot analysis was performed as described in the 
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Figure 3.2. Ammonium controls the light induction of ASN2. Seedlings were 
germinated and grown under a regular day/light cycle on MS agar plates containing 
no (A) or 20 mM (B) ammonium for 14 days, before transferred to MS agar plates 
containing 20 mM (A) and no (B)- ammonium respectively, and grown under 
continuous light. NaNOs was added to ammonium-free medium to maintain an 
equal molar concentration of nitrogen resource. Samples were collected at time 0， 
2，4, 8，16，24，and 48 h (lanes 1-7，respectively) after treatments. Total RNA was 
extracted from the seedlings as described in Materials and Methods. An aliquot of 
15 / /g of total RNA from each line was loaded onto each lane. Northern blot 
analysis was performed as described in Materials and Methods. 
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3.1.2. Kinetic studies of ASNl expression under different stresses treatments 
Since the AS gene in maize were shown to induced by stress conditions 
(Chevalier, 1996)，we want to see whether the similar phenomenon would occur in 
the ASN2. A series of stress experiments were conducted to study the stress effects 
on ASN2 expression. The stress experiments were categorized into 3 groups, salt 
stress treatment, heavy metal stress treatment and temperature stress treatment. 
Kinetic expression of ASN2 in response to 200mM NaCl salt treatment was 
studied (Fig. 3.3). Induction of ASN2 was observed to occur as early as 2 hours after 
salt treatment when compared with control (no salt treatment) and this induction 
continued to increase more drastically from 4 hour to 16 hour time point in a 
kinetically manner. 
Kinetic expression of ASN2 in response to 300|xM AgNOs treatment was also 
investigated (Fig. 3.4). Induction of ASNl in response to SOOjxM AgNOs was 
observed not to occur at 2 hours treatment when compared with the control (without 
AgNOs treatment). However, the induction of ASN2 did occur at 4, 8 and 16 hour 
treatment in a kinetic manner. 
The effect of cold (10 stress treatment on ASN2 expression was tested (Fig. 
3.5). Over the 4 time interval treatments (2, 4，8 and 16 hour), the ASN2 gene 
expression seemed only significantly induced at 16-hour cold treatment. Although 
100 
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induction was also observed at 4-hour treatment, it was not as drastic as that of 
16-hour treatment. ^ 
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Figure 3.3. NaCl stress Increases the Levels of ASN2 mRNA. The effects of 
NaCl (200mM) on the levels o �N 2 mRNA was tested. 12-day-old seedlings 
grown on MS agar plates under a regular day/light cycle were transferred to new 
growth medium for 4 (lane 4), 8 (lane 5) and 16 h (lane 6). Samples of control 
plants without stress treatments were also collected at same time points (Lanes 
1-3). Total RNA was extracted from the seedlings as described in Materials 
and Methods. An aliquot of 15 /zg of total RNA from each line was loaded 
onto each lane. Northern blot analysis was performed as described in 
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Figure 3.4. AgNOs stress Increases the Levels of ASN2 mRNA. The effects of 
AgNOs (300//M) on the levels of ASN2 mRNA was tested. 12-day-old 
seedlings grown on MS agar plates under a regular day/light cycle were 
transferred to new growth medium for 4 (lane 4)，8 (lane 5) and 16 h (lane 6). 
Samples of control plants without stress treatments were also collected at same 
time points (Lanes 1-3). Total RNA was extracted from the seedlings as 
described in Materials and Methods. An aliquot of 15 /i g of total RNA from 
each line was loaded onto each lane. Northern blot analysis was performed as 
described in the Materials and Methods section. 
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Figure 3.5. Cold Stress Increase the Levels of ASN2 mRNA. The effects of cold 
(10°C) on the levels of ASN2 mRNA were tested. 12-day-old seedlings grown on 
MS agar plates under a regular day/light cycle was transferred to new growth 
medium and subjected to new growth temperature for 4 (lane 4)，8 (lane 5) and 16 h 
(lane 6). Samples of control plants without stress treatments were also collected at 
same time points (Lanes 1-3). Total RNA was extracted from the seedlings as 
described in Materials and Methods. An aliquot of 15 / ig of total RNA from 
each line was loaded onto each lane. Northern blot analysis was performed as 




3.1.3. Ammonium assay of wild type seedlings under stress conditions 
It was reported when plants suffered to various stress treatments, their 
endogenous ammonium content was detected to accumulate in accordance with the 
duration of treatment (Graeme, 1990; Renaud, 1992; Feng and Barker, 1992). As the 
three stress treatments (NaCl, AgNOs and Cold) were shown induced the ASN2 
mRNA level in accordance with duration of treatments, plus the previous results 
indicated ASN2 was induced only in medium contained ammonium, it was 
worthwhile to investigate whether the endogenous ammonium content increased 
under the three stress treatments that may account for ASN2 induction. 
Endogenous ammonium content of wild type (Col-0) seedlings under three 
stresses treatments (200mM NaCl, 300uM AgN03 and cold, lO^C) were investigated. 
12 days old Col-0 seedlings from regular MS media were transferred to stress media 
for stress treatments or lO^C growth chamber for cold stress treatment, as described 
in Materials and methods section. 
Endogenous ammonium content (per fi g total protein) of Col-0 under the 
growth in 200mM NaCl and 300uM AgN03 MS media increased when compared 
with control (without treatments). The differences were statistically significant of p 
value equal to 0.05 for the endogenous ammonium per mg protein (Fig. 3.6). 
/ 
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For the cold stress treatment, the endogenous ammonium content also 
increased when compared with the control that grew in normal temperature. The 
100 
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Figure 3.6. Endogenous free ammonium content increases under stress 
treatments. Samples were harvested as described in Fig. 3. Free ammonium 
content was assayed as described in Materials and Methods. Each bar 
represents an average of 5 samples. Error bars: standard errors. The data 
was analyzed by one-way ANOVA followed by LSD test. • indicates 
significant difference when compared NaCl (lanes 2, 5，and 8)，cold (lanes 3, 6， 
and 9)，and AgNOs (lanes 4，8，and 12) treated samples to untreated controls 




3.2. N H / regulation on expression of ASN2 promoter 
Whether ammonium regulation of ASN2 directly acts on ASN2 promoter or 
through other cascade pathways is still unknown. If it directly regulates the ASN2 
promoter, there must be some cw-acting elements responsible to sense the 
ammonium signal. The answer can only be found by directly analyzing the ASN2 
promoter. Transient gene expression in A. thaliana leave mesophyll protoplast was 
attempted using GUS as the reporter gene. 
3.2.1. The cloning oiASN2 promoter 
3.2.1.1. Defining of ASN2 promoter region 
Arabidopsis thaliana ASN2 genomic sequence was obtained by performing 
blastn search using NCBI database. The promoter sequence of ASN2 should be 
upstream from the start codon (Fig. 3.7). The region of ASN2 promoter was 
determined by two factors. First, an unknown gene was positoned at -609 to -1565 
of the ASN2 start codon. Second, promoter prediction program (Proscan version 1.7) 
suggested 2 promoter sequence signals at the region -1582 to -1832 and -27 to -277 
upstream of the ASN2 start codon (Fig. 3.8). The former probably was the promoter 
of the unknown gene while the later was the promoter of ASN2. The diagrammatical 
description was shown at Figure 3.9. 
> 
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acattaaaaa atcataacac caaagttaaa acattttctc tggcgatatg catcccgggc 
tattggtatt gccgaaaatc tacgacgtcg gaacataaac gtggacccgt attgttcgcg 
atgttgcacg gagctggaaa caaatgacca tacaatcttc tcatgtcctc gggttgaaat 
gatatggaga gctgcaggct ttcaaacttc ccaattatgt gacaatggaa taccaccgga 
agagaagttg cgtatcatct ttcaaatgca taatgattca agggtggatc gagttacaag 
atttatgccc ttttggttaa tgtggagaat atggaagagc ggaaacgacc tagtctttaa 
ccacacgcga acaaaattcc aaactacagt ggagatggct ctcaatgaca ccaaggaatg 
gttggacaat acaatgacaa acgagcagca aaatgggaac aggaatgcag atccgtctcg 
taataccaag tggtcgccgc cgggaagaga caaattaaaa tgcaactatg atgcatcgca 
ccatgaaaga aacacagttt caggacttgg ttggatcctt cggaactctc aaggtactgt 
gatcgagtgt ggtatgggga aatttcaagg tcgtatgacg acggaggagg cagagtgttc 
aacacttatt tgggctatac aagcttccta tggcttcggg cataagaagg ttatttttga 
gggagataac caaaccatca cccgaatgat aaacacaaag tcatctaatc caaggctaca 
acactttctc gataccatcc aaagttggat accaagtttt gaatcgatag aattctcttt 
caaacatcga gaacagaacg gatgtgcgga tttcttagcc aaacaagcca tcaaagagaa 
tacccaatgg tctctgtttc attcttgtcc ttattttctg agtccatatg taaacaacga 
t t a c t c t i ad gttctaacita a a g tM：, j i a a ：'…qa'-iaadaa a a a a a a a d a t c a t a a g a a a a 
^ c t a c a a g t t. a t q t； i. 11： e t c a a t ^、. a c a t c c act t:ot i： a a q a a q a c a t a a c a t q t a a c a t g 
ttgatatgaa accatqtqat tdqtygadat qaaaciqoaqa atgtdagqaggttacaatgt 
c a g a a c a t a q c a a a t c a t a t L i : q a 丨 t.gt. t.c厂.丨 tt'..: t" t c a a a q c a a caat.ggaatt 
g g a a t a t a g c a t c c a c t： a a d d q c ‘ • 11： •：, a a « •, a d t c d tac g a g a t a a t a a t g c g a t t t c a 
a a a c t q a t c a aqcc:ataaaq atqaa t aat.q dn^crit aijt i q c a t t c q t L c a a t c c g t g a t 
t t c g t a a c g c gaaacjgccaa dacgttcitt-a aqlt.ccaatc: o a a a q t a a t t g a c a a a a a a a 
c a a a t g g a c c tcgt.gacaal. qal qat -it qa ^ t c t c t c c c a a t c a c a a a a a t q a g t a a c a a 
a c a a a c a c t a ci-aaacjalLag qqt tdcjciaat,. H d a U j q、 c a a a a t c a a c g g c c q t g a t t 
q a a a q c c a c c c:tataaaM. c t a a l a a l c a q t..t t-,-i..qaqt,q a a q c c a t t q t t a t t t g t t t t 
cqt tqcciant c t a a c a c a a t g t g t g g g a t t c t c g c t g t t c t t g g t t g c a t c g a c a a c t c t 
c a a g c t a a a c g t t c t c g t a t c a t c g a a c t c t c t c g c a g g t a c t c t t c t g t t t c c a t t g a a 
t c a a t c a t g a a g c c t g c c c a a t g t t a c t g a a g a a t c g t t t a t a a t t t g g a a t a a a g g t t t 
c a a c t t t t t t a g a g g a a a t g t g t g c g t t t a c t c a a t t g a t g a a t c a t a g a t a g a c c c g a a 
t t g a t g t t t a g a t t g g t t a c t t t t t t t t g t g t a g a t t g a g g c a c a g a g g t c c t g a t t g g a 
g t g g a c t c c a t t g t t a t g a a g a t t g t t a t c t t g c c c a t g a g c g t t t a g c c a t c a t t g a c c 
c t a c t t c a g g a g a c c a a c c t c t c t a t a a c g a a g a c a a g a c c g t c g c t g t c a c t g t a c t t t 
Fig. 3.7. Genomic sequence of Arabidopsis thaliana ASN2 promoter. The three 
red letters (atg) was the start codon of the ASN2. The blue letters represent the 
ASN2 genomic sequence (not in full length). The black letters were sequence of 
an unknown gene upstreme of ASN2, The pink and green letters (ata and taa) 
represented the start and stop codon of the unknown gene, respectively. The 
‘ grey letters represented the possible ASN2 promoter sequence. The purple color 
marked the TATA letters represent the TATA box ASN2 promoter suggested by 











4 01 GACAAAAAMCAMTGGACCTCGTGACMTGATCATATGAATCTCTCCCA 
4 51 ATCACAAAAATGAGTAACAAACAAACACTAAAAAGATTACJGGTrAAAAAT 
5 01 CATAMTAGTCAAMTCMCG(K:CGTGATOAMGCCACCCTATAMrrC 
551 TMTMTCAGTrrCTCAGTCMGCCATTCnTAnTGTTTTOTrGCCACT 
601 CTAACACA 
ProScan: Version 1.7 
Processed Sequence: 608 Base Pairs 
Promoter region predicted on forward s t rand in 312 to 562 
Promoter Score: 78.94 (Promoter Cutoff = 53.000000) 
TATA found at 541, Est,TSS = 571 
Significant Signals: 
Name TFD # Strand Location Weight 
EivF/CREB S00104 - 358 1.564000 
element_II_rs-4 S01507 - 364 25,816999 
element_II_rs-3 S01506 - 371 1.087000 
CTF S00780 - 390 1.448000 
MLTF S00753 + 422 1.157000 
HNFl S01619 - 439 1.012000 
UCE.2 ‘ S00437 + 521 1.278000 
UCE.2 S00437 - 524 1.216000 
TFIID S01540 + 542 1.971000 
TFIID S00087 + 542 2.618000 
Fig.3.8. Prediction of ASN2 promoter sequence by the Proscan program, (a) 
About 600 5' upstream sequence was submitted to scan for the promoter 
region of ASN2, (b) Promoter region was predicted to be located at 27 to 277 
bps upstream from ATG TATA box was found at 67 bps upstream from 
ATG 
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acattaaaaa atcataacac caaagttaaa acattttctc tggcgatatg catcccgggc 
tattggtatt gccgaaaatc tacgacgtcg gaacataaac gtggacccgt attgttcgcg 
atgttgcacggagctggaaa caaatgacca tacaatcttc tcatgtcctcgggttgaaat 
gatatggaga gctgcaggct ttcaaacttc ccaattatgt gacaatggaa taccaccgga 
agagaagttgcgtatcatct ttcaaatgca taatgattca agggtggatcgagttacaag 
atttatgccc ttttggttaa tgtggagaat atggaagagcggaaacgacctagtctttaa 
ccacacgcgaacaaaattccaaactacagt ggagatggct ctcaatgacaccaaggaatg 
gttggacaat acaatgacaa acgagcagca aaatgggaac aggaatgcagatccgtctcg 
taataccaagtggtcgccgc cgggaagaga caaattaaaa tgcaactatgatgcatcgca 
ccatgaaaga aacacagttt caggacttgg ttggatcctt cggaactctc aaggtactgt 
gatcgagtgt ggtatggggaaatttcaagg tcgtatgacgacggaggaggcagagtgttc 
aacacttatt tgggctatacaagcttccta tggcttcgggcataagaaggttatttttga 
gggagataaccaaaccatca cccgaatgataaacacaaagtcatctaatccaaggctaca 
acactttctcgataccatcc aaagttggat accaagtttt gaatcgatagaattctcttt 
caaacatcga gaacagaacg gatgtgcgga tttcttagcc aaacaagcca tcaaagagaa 
tacccaatgg tctctgtttc attcttgtcc ttattttctg agtccatatg taaacaacga 
t t a c t c t t a a q 11 c t a ei a t a a a g L i, a t a <2 q t t g a a a a a a a a a a a a a a a a t c a t a a g a a a a 
t c t a c a a g 11 a i^qt t』\_c. 丄 t c a_c rU. cj:j ct *> -t taacj a a g a c a t a a c a t g t a a c a t g 
11 g a tat g a a a c c a t q tg at". a g T cfq "1 "."a “ i a a q c a 'ja a t: g t a a g g a g g t t a c a a t g t 
c a g a a c a t a g c a fiat cat at. ataacti. yat, t^ ^ 1.1 cct t: tc t ticaaagcaa c a a t g g a a t t 
q g a a t a t a g c atccact:aaa aqcc:U.cd-aa ::caatcatac q a q a t a a t a a t g c g a t t t c a 
a a a c; t g a t ca a g c c d t a d a q a t g d ^  t. c、：! t a a q c c d t a q r, t g c a 11 c g 1： t c a a t c c g t g a t 
ttcgl-.aacgc g a a a g g c c a a a a c g t t a t t a ayf t c c a a t c c a a a g t a a t t g a c a a a a a a a 
c a a a t- g g a c c t c g t g a c a a. t q a t q a t a 1: q a a 1： c; t c t c c c a a t c a c a a a a a t g a g t a a c a a 
a c a a a c a c t a a a a a q a 1.1 a q ,:] 1.1. a, i a a a t .：； a t a a a t: a q t c a a a a t c a a c g g c c q t g a t t 
q a a a g c c a c c c t a t a a a t t c t. c-i a t <i a t, c a a 1.丨 ct qfi';it‘:i a a q c c a i tqt tat^i^^tttt 
cqtJ. g c c a c t_c taacac: a a t g t g t g g g a t t c t c g c t g t t c t t g g t t g c a t c g ^ a a c ~ ( ^ 
" c a a g ^ ~ a a c ~ g T t c t c g t a t c a t c g a a c t c t c t c g c a g g t a c t c t t c t g t t t c c a t t g a a 
t c a a t c a t g a a g c c t g c c c a a t g t t a c t g a a g a a t c g t t t a t a a t t t g g a a t a a a g g t t t 
c a a c t t t t t t a g a g g a a a t g t g t g c g t t t a c t c a a t t g a t g a a t c a t a g a t a g a c c c g a a 
t t g a t g t t t a g a t t g g t t a c t t t t t t t t g t g t a g a t t g a g g c a c a g a g g t c c t g a t t g g a 
g t g g a c t c c a t t g t t a t g a a g a t t g t t a t c t t g c c c a t g a g c g t t t a g c c a t c a t t g a c c 
c t a c t t c a g g a g a c c a a c c t c t c t a t a a c g a a g a c a a g a c c g t c g c t g t c a c t g t a c t t t 
Fig. 3.10. Primer designed to amplify the ASN2 promoter sequence. The purple 
letters represented the sequence of primers used to amplify the ASN2 promoter 




3.2.11, PCR amplification of ASN2 promoter from genomic sequence 
A pair of primer was designed to amplify the promoter sequence from - 7 
to -548 of the ASN2 start codon that included the promoter signal at -27 to -111 as 
described in the Materials and Methods section (Fig. 3.10). 
One ul of The PCR amplified product was run onto 1% agarose gel. The gel 
doc photograph showing a single band of size 541 base pairs, showing the successful 
amplification of ASN2 promoter (Fig. 3.11). 
Fifty fi 1 PCR product was run onto 1% agarose gel. The single band of the 
right size was purified from the gel. The gene-cleaned product was ligated into a 
T-vector. The ligation mixture was then transformed into bacterial cells (DH5 a ) . 
Two positive candidates that contained the ASNl promoter insert were confirmed by 
double restriction enzyme {Hind III and BamH I) digestion. In Figure 3.12, the 
double digestion released the fragment of size 541 base pairs (the size of the ASN2 
promoter). The two positive candidates were further confirmed by sequence analysis. 
The ASN2 promoter fragment was released from the agarose gel by the Gene Clean 




Fig.3.11. PGR amplification of the ASN2 promoter sequence. Lanel was the 
100 bp marker. Lane 2, 3, 5 and 6 were ASN2 promoter. Lane 4 was blank. 
The single band on Lane 2，3, 5 and 6 of size 541 base pairs confirmed 
successful PGR amplification of the ASN2 promoter sequence. 
--1 
. Fig. 3.12. Restriction digestion screening of pBluescript II KS (+) 
containing the ASN2 promoter insert. Lane 1 was the 100 bp ladder. Lane 3 
showing the positive clone with 541 base pairs insert while lane 2 showing 
the negative clone without ASN2 promoter insert. 
100 
3.2.1.3. Cloning ASN2 promoter into transient gene expression vector (pBI221 
vector) 
pBI221 is a vector contained the GUS reporter gene (Fig 3.13a). It is 
tailored for transient gene expression vector due to its small size (about 5kb). Figure 
3.13 showed the procedure of cloning the ASN2 promoter into the vector. The 
original 35SCaMV promoter of pBI221 vector was removed by Hindlll and BamH I 
double restriction enzyme digestion (Fig. 3.14a). The backbone of pBI221 was 
purified from agarose gel and used for ligation of ASN2 promoter (Fig. 3.14b). 
The ligation mixture of the ASN2 promoter and pBI221 was transformed 
into bacteria cells (DH5 a ) . Successful ligation was confirmed by double restriction 




( a ) a t g t ga 
— A m p + — C a M V 35 Promoter - B "Glucuronidase (GUS) — NOS-ter—— 
(5A雲 ^雲 
！ = - 1 -
(b) ATC TOA 
— A m p + —— — B-aucuronidase (GUS) —NOS-ter—— 
I ！ 




— A m p + — ASN2 Promoter - B-Glucuronidase (GUS) . —NOS-ter — 
I I I ^ I 
Fig. 3.13. Cloning of the ASN2 promoter into the pBI221 vector. (A) showed 
the map of pBI221 vector. The CaMV 35S promoter of pBI221 vector was 
released by Hindill and BamHl double digestion (B). Then, the ASN2 
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Fig. 3.14. Remove CaMV 35S promoter from pBI221 and purification of 
pBI221 vector and ASN2 promoter for ligation. The CaMV 35S promoter of 
original pBI221 vector was removed by Hindlll and BamHI double digestion 
as described in the Materials and Methods section, (a) Lane 3，5, and 6 
showing the result of double digestion of pBI221 vector. The lower bands of 
the these lanes indicated the released CaMV 35S promoter of expected size. 
The upper band indicated the promoter free pBI221 vector with sticky ends, 
Hindlll and BamHI. (b) The gel doc photo showing the fragments of 
purification products of pBI221 (After removed of CaMV 35S promoter) 
vector (Lane?) and ASN2 (Lane 8) promoter. The ASN2 promoter was then 
ligated into pBI221 vector by sticky-end ligation. 
100 
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Fig. 3.15. Confirmation of successful ligation of ASN2 promoter into 
pBI221 vector by double digestion with BamH I and Hind III restriction 
enzyme. Lane 1，2，3 and 4 were clones subjected to double digestion test. 
The single released bands of expected size, 541 base pairs, were obtained 
as an evidence of successful ligation. Lane 5 was the lOObp ladder marker. 
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3.2.2. Transient gene expression 
3.2.2.1. Arabidopsis leave mesophyll protoplasts isolation 
Protoplasts were isolated from Arabidopsis leave mesophyll cells. Young 
Arabidopsis leaves were chopped into 0.5mm strips and inoculated in digestion 
solution as described in Materials and methods section. The digestion solution 
contained celluase which digested the cellulose of protoplast cell wall so that 
protoplasts could be released. 
Arabidopsis protoplasts isolated were of various sizes (Fig. 3.16 & 3.17). 
The live protoplasts should appear as circular or circular-like shapes. The circular 
shape was caused by complete digestion of cell wall, while the circular-like shape 
was caused by incomplete digestion. The dead protoplasts appeared as irregular 
shape resulting from either osmotic pressure or physical damage during isolation. 
The protoplasts appeared in green color due to the chloroplasts therein. Chloroplasts 




Fig. 3.16. Isolation of mesophyll protoplasts from Arabidopsis thaliana 
leaves, not yet purified. Arabidopsis leaves were chopped into small strips 
and then subjected to digestion in a solution containing cellulose as described 
in the Materials and Methods section. Arabidopsis leaf mesophyll protoplasts 
were of various sizes. Completely digested cell wall would gave circular 
shape protoplasts (those marked with red circle); incomplete digested cell 
wall would give non-circular or irregular shape protoplast (those marked with 
‘ blue circle); burst protoplasts were marked with pink circle; chloroplasts 
released from burst protoplasts were marked with yellow circle. 
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Fig. 3.17. Close-up photograph representing different shape of protoplasts, (a) A 
non-circular shape protoplast due to incomplete cell wall digestion, (b) A circular 
shape protoplast due to complete cell wall digestion, (c) A group of bursting 
protoplasts releasing their chloroplast. (d) A group of protoplasts still attached to 
the leaf tissue, (e) Enlarged (400x) photo showing the perfectly circular 
protoplast. The green chloroplasts inside the protoplast distributed mainly around 
the protoplast membrane. The opaque area was the vacuole. 
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3.2.2.2. Transformation and GUS expression assay 
Transformation of pBI221 containing ASN2 promoter into Arabidopsis 
protoplasts was described in the Materials and Methods section. Transformed 
protoplasts were inoculated into two media (ammonium free and 20mM ammonium) 
for 40 hours for the expression of the GUS reporter gene. Total protein was extracted 
from the two group of protoplasts as described in the Materials and Methods section. 
Protein standard curve was prepared for assaying the protein extracted from 
the transformed protoplasts (Fig. 3.18). MU standard curve was also prepared for 
assaying the GUS activities (Fig. 3.19). 
Transformation of the ASN2 promoter and CaMV 35S promoter in response 
to ammonium were compared. The CaMV 35S promoter was used as a control for 
different medium (MS and Ammonium free). MU expressed as nM per mg of total 
protein was plotted against the reaction time. At each of the five reaction time (0, 30, 
60, 90 and 150 minutes), the reaction mixture was immediately stopped by stopping 
buffer and subjected to florescence OD measurement using wavelength of 365 and 
360 nM for excitation and emission respectively. Details of experimental procedure 
‘ was described in the Materials and Methods section. 
) 
The results showed that the ASN2 promoter construct had slightly higher 
GUS expression when innoculated in MS medium than in ammonium free medium; 
100 
however, 35s promoter construct also shown higher GUS expression in MS medium, 
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Fig. 3.18. Protein standard curve. Protein standard curve was plotted using 
five known concentration of BSA (2，4, 6, 8 and 10 mg/ml). Concentration 
ofBSA was plotted against the OD 595. 
IM U standard curve for Gus assay 
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Fig. 3.19. MU standard curve. Five Known concentration of MU (0, 50, 
100，150 and 200nM) was used to plot the MU standard curve. Fluorometer 
‘ with wavelength at 365 and 360 nM for excitation and emission were used. 
Fluorescence intensity was plotted against the concentration of 
methylumbelliferone (MU). 
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Fig. 3.20. GUS assay of the ASN2 (a) and 35s (b) promoter activity by transient gene 
expression assay. Total protein extracted from transformed Arabidopsis leaf 
mesophyll protoplast was used for protein and GUS assay as described in Materials 
and methods section. The correlation of GUS enzyme product (MU) expressed in nM 
MU per mg protein was plotted against the various time point (0，30，60，90 and 150 
> 
minutes). The GUS activities of transformed protoplasts inoculated into two different 
media (ammonium free and 20mM ammonium MS) were compared. The CaMV 35S 
promoter was used as a control for different media. 
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3.3. Characterization ASN2 transgenic plants under stress 
conditions 
3.3.1. Construction of ASN2 transgenic plants 
To further investigate the possible relation between ASN2 and ammonium 
metabolism, transgenic Arabidopsis lines overexpressing or underexpressing the 
ASN2 gene were produced. In ASN2 underexpressors, the coding region of ASN2 
was expressed in antisense orientation under the control of the CaMV 35S promoter. 
The level of ASN2 mRNA was found to decrease, especially in light grown 
conditions (Fig. 3.21). In ASN2 overexpressors, the coding region of ASN2 was 
placed in sense orientation under the control of the CaMV 35S promoter. Native 
ASN2 is expressed at higher levels in the light compared to dark (Fig.3.21). By 
contrast, in ASN2 overexpressing transgenic plants, constitutive expression of ASN2 
was observed and the light control of ASN2 was deregulated (Fig. 3.21). Figure 
3.24 showed the results of one typical antisense (lanes 3 & 4) and one typical sense 
(lanes 5 & 6) lines. Other antisense and sense lines used in the research exhibited 
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Fig.3.21. Northern blots analysis of ASN2 transgenic lines. Col-0: wild type 
plant (Lane 1 & 2); two typical ASN2 transgenic plant, one is underexpressor 
(Lane 3 & 4)，the other is overexpressor (Lane 5 & 6). L: 48 hours continuous 
light treatments; D: 48 hours continuous dark treatment. Autoradiograph of 
northern blot showing the expression level of ASN2 mRNA in Col-0, antisense 
and sense plant. Successful ASN2 antisense transgenic plants were confirmed by 
the much lower expression level of ASN2 mRNA in continuous light compared 
with Col-0. Successful ASN2 sense transgenic plant was confirmed by the higher 
‘ expression of ASN2 mRNA in both continuous light and dark. 
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3.3.2. Characterization of ASN2 transgenic plants 
3.3.2.1. Ammonium assay of ASN2 transgenic plant under different concentration of 
ammonium 
To test if the mis-expression of ASN2 in transgenic plants has effects on the 
level of endogenous ammonium, two sets of experiments were performed. When 
the ammonium concentration in the growth medium was increased from 20 mM (in 
regular MS medium) to 50 mM, endogenous ammonium content started to increase 
accordingly in all lines (Fig. 3.22). However, the overexpressing lines exhibited 
lower endogenous ammonium contents compared to wild type, when grown on MS 
medium containing 50 mM ammonium (Fig. 3.22, lanes 9 & 10) compared to the 
wild type Col-0 (Fig. 3.22, lane 6). One ASN2 overexpressing line also showed a 
slight decrease in ammonium content even at the lower concentration of ammonium 
(Fig. 3.22, lane 4), compared to wild type. On the other hand, no significant 
difference was observed in ammonium content when comparing the underexpressing 
lines and Col-0, grown on 50 mM ammonium (Fig, 3.22, lanes 7 & 8). 
3.3.2.2. Ammonium assay of ASN2 transgenic plant under high light irradiance 
To directly increase the internal pool of ammonium without external 
‘ supplements, the transgenic lines were subjected to high light irradiance to enhance 
) 
the photorespiratory process (Givan, 1988; Kozaki, 1996; Magalhaes, 1984; 
Wingler, 2000). Under high light conditions, ASN2 underexpressors accumulated 
significantly higher levels of cellular ammonium (Fig. 23, lanes 4 & 6), when 
100 
compared to Col-0 (Fig.3.23, lane 2). Such differences were not significant when 
the comparison was made under low light irradiance (Fig. 3.23, lanes 1, 3, and 5). 
No significant difference was found between the overexpressing lines (Fig. 3.23, 
lanes 7-9) and Col-0 (Fig. 23, 1 & 2). The loss-of-function and gain-of-function 
approaches using transgenic lines described above thus showed that ASN2 
overexpressors acculuate lower levels of ammonium, while the ASN2 
underexpressors accululate higher levels of ammonium. This data suggests that 
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Figure 3.22. ‘ Endogenous free ammonium content decreases in ASNl 
overexpressing transgenic lines grown on ammonium containing medium. 
10-day-old seedlings of the wild type Col-0 (lanes 1 & 6)，ASN2 underexpressing 
lines 4 0 1 - A 4 - C 1 (lanes 2 & 7) and 401-Al-a8 (lanes 3 & 6)，and ASNl 
overexpressing lines 402-Al-bl (lanes 4 & 9) and 402-IT-13 (lanes 5 & 10) 
grown under a regular day/light cycle on regular MS (containing 20 mM 
ammonium) agar plates were transferred to MS medium supplemented with 20 
(lanes 1-5) or 50 mM (lanes 6-10) exogenous ammonium. Free ammonium 
content was assayed as described in Materials and Methods. Each bar 
represents an average of 5 samples. Error bars: standard errors. The data was 
‘ analyzed by one-way ANOVA followed by LSD test. * indicates significant 
difference with ap-value less than 0.05. 
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Fig. 3.23. Endogenous free ammonium content increases in ASN2 antisense 
transgenic lines grown under high light irradiance. 12-day-old seedlings of the 
wild type Col-0 (lanes 1 & 2)，ASN2 underexpressing lines 401-A4-cl (lanes 3 
& 4) and 401-Al-a8 (lanes 5 & 6)，and ASN2 overexpressing lines 402-Al-bl 
(lanes 7 & 8) and 402-IT-13 (lanes 9 & 10) grown under a regular day/light 
cycle at low light irradiance (35 /zE) on regular MS agar plates were exposed 
to continuous light at low (35 fiE) (lanes 1，3，5，7，and 9) or high (150 fiE) 
(lanes 2, 4, 6，8, and 10) for 72 h. Free ammonium contents were assayed as 
described in Materials and Methods. Each bar represents an average of 5 
‘ samples. Error bars: standard errors. The data was analyzed by one-way 
ANOVA followed by LSD test. * indicates significant difference with a 
/7-value less than 0.05. 
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3.4. Characterization of mutant plants (Aza^) that showed altered 
ASN2 expression 
3.4.1. phenotype of azaserine resistant mutant 
Azaserine resistant mutant was previously isolated by Dr. H.M. Lam. Two 
independent lines of azaserine resistant mutant were obtained, named 111-MS and 
121-L4. The mutants are resistant to the toxic chemical azaserine which is a 
glutamine analog. Azaserine resistant mutant grown in 1 |iM azaserine containing MS 
medium had much longer root than the wild type parent. Other comparable 
phenotypes like greener and bigger leave were also observed (Fig. 3.24). Azaserine 
resistant mutant grown in soil exhibited a stressful phenotype when compared with 





Fig. 3.24. Phenotype of azaserine resistant mutant. The mutant and wild type 
seeds were sown on 1 pM azaserine MS media and photographs were taken 
on 12 days old age as described in Materials and methods section, (a) 
Azaserine resistant mutant homologous line was sowed on plate with MS 
medium added with luM azaserine. (b) Wild type Arabidopsis (Col-0) 
seedlings was sown on luM azaserine medium. The azaserine resistant 




3.4.2. ASN2 expression level up-regulated in azaserine resistant mutant 
Northern blot analysis of azaserine resistant mutant showed that ASN2 was 
overexpressed in both continuous light and dark conditions (Fig. 3.25). The 
overexpression pattern was more obvious in the line, 111-MS-l, in which ASN2 was 
highly expressed in continuous dark. 
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Fig. 3.25. Northern blot analysis of ASN2 in azaserine resistant mutant. Wild type 
and two azaserine resistant mutant independent lines (111-MS and 121-L2) were 
sowed on plates with regular MS media, 12-day-old plant seedlings followed by 
two continuous light and dark treatments were collected for northern blot analysis 
as described in Materials and methods section. The upper panel showing the 
autoradiograph of northern blot using full length ASN2 RNA probe. The lower 
panel was the corresponding ribosomal RNA. 111-MS-l and ll l-MS-2 are two 
isolates from the same original mutant line. 121-L2-4 and 121-L2-1-4 are two 
isolates from another independent original mutant. 
I 
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3.4.3. Checking for linkage between azaserine resistance and ASNl 
overexpression 
The azaserine resistant mutant was backcross to the parent Col-0, to test 
whether the resistant phenotype is due to a sigle or multiple mutations. F2 of the 
backcrossed progenies of two independent lines were screened on luM azaserine MS 
media. Resistant and sensitive phenotypes were measured identified by length of 
roots. Resistant to sensitive phenotypes were counted over 100 seedlings. Ratio of 
resistant and sensitive phenotype was obtained (1 resistant and 3 sensitive). The 1 to 
3 ratio was confirmed by Chi-square test (Fig. 3.26). Therefore, the resistant 
phenotype was due to recessive mutation. More than 100 seeds of the F3 progenies 
resulting from two independent lines of resistant F2 were screened on luM azaserine 
MS media. All seedlings of the two lines showed resistant phenotype (Fig. 3.27). 
This further comfirmed the success of backcross. 
The F3 homozygous backcross progenies were tested to see whether ASN2 
overexpression phenotype remained linked to the azaserine resistance phenotype. 
This information was important to determine whether the phenotypes of azaserine 
resistance and ASN2 overexpression were due to the same point mutation. ASN2 
expression of wild type (Col-0), azaserine resistant mutant (121-L2-4) and backcross 
f 
progenies {\2\-L2-A x Col-0) were compared (Fig. 3.28). It was observed that the 
overexpression of ASN2 in azaserine resistant mutant (especially in continuous dark) 
did not occur in the backcross homozygous progeny. Therefore, conclusion could be 
100 
drawn that the ASN2 overexpression phenotype was not caused by the same mutation 
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121-L2-4X Col-0 38 113 0.002208 Resistant 
phenotype is 
recessive 
Fig. 3.26. Photograph showing the phenotype of F2 progenies of the backcross 
between azaserine resistant mutant and the parent, Col-0. More than 100 seeds 
of each line were sown on MS plated contained luM azaserine, 12 days old 
seedlings were counted for resistant and sensitive phenotype. The table showed 
the Chi-square test for a 1:3 resistant: sensitive ratio of azaserine resistance in 
the F2 progenies of the b ackcross. Significance 1 evel was set to 0.05 and the 
critical value was calculated as 3.841. 
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Fig. 3.27. Photograph showing the F3 homozygous lines resulting from 
setting of azaserine resistant F2 described in Figure 3.32. More than 100 
seeds of wild type and backcross progenies (111-MS-l x Col-0 and 121-L2-4 
X Col-0) were sown on 1 uM azaserine MS media. 14-day-old seedlings were 
photographed as described in the Materials and Methods section. 
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Fig. 3.28. Northern blot analysis of Azaserine resistant mutant and the 
homozygous progenies result from a backcross. 12-day-old seedlings of wild 
type, azaserine resistant mutant (121-L2-4) and F3 backcross progeny 
(121-L2-4 X Col-0) were subjected to 48 hours continuous light and dark 
treatment, (a) Autoradiograph showing the northern blot result using full 
length ASN2 RNA probes and the corresponding EtBr stained ribosomal 
RNA. (b) Bar chart showing the normalized northern blot result. 
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3.4.4. Crossing the mutant with Landsberg for mapping the azaserine resistant 
mutant 
The azaserine resistant mutants were crossed with Arabidopsis ecotype 
Landsberg in order to map the mutation leading to of azaserine resistance. F2 
progenies of two independent lines (111-MS-l and 121-L2-4) were screened on luM 
azaserine MS media. Resistant and sensitive phenotype was mainly measured by 
length of roots. Resistant to sensitive phenotypes were counted over 100 seedlings. 
Ratio of resistant and sensitive phenotype was obtained (1 resistant : 3 sensitive). 
The 1 to 3 ratio was confirmed by Chi-square test (Fig. 3 .29) . -
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121-L2-4X Col-0 34 109 0.232614 R尸istant 
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Fig. 29. Photograph showing the phenotype o f F 2 progenies result from a cross 
between azaserine resistant mutant and Arabidopsis ecotype Landsberg. More than 
100 seeds of each line were sown on MS plated contained luM azaserine, 
12-day-old seedlings were counted for resistant and sensitive phenotype. The table 
‘ showed the Chi-square test for a 1 to 3 (resistant to sensitive) ratio F2 progenies. 
Significant level was set of 0.05 and the critical value was calculated as 3.841. 
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2.2.5.7 MU calibration standard 
MU standard curve was constructed by preparing four know concentration 
MU (0, 50，100，150 and 200 nM). This solution should be made fresh before use. 
The standards were measured using fluorometer with the wavelength being fixed at 
365 and 460 nm for excitation and emission, respectively. The standard curve would 
show the linear rise in fluorescence with increasing concentrations of MU. 
2.2.5.8 Sample assay 
For each sample measurement, 50 i^l sample solution was mixed with 50 |il 
GUS assay buffer (2 mM MUG in GUS extraction buffer). The reaction was started 
by putting the reaction eppendorff in 37®C. The reaction was stopped by adding 
0.9ml 0.2 M sodium carbonate stop buffer. A time kinetics curve could be 
constructed by stopping the reaction at different time point (e.g 15, 30, 60, 90 




4.1 ASN2 may relate to ammonium metabolism 
Asparagine is an important organic nitrogen-transporting molecule in many 
higher plants including both non-legume and legumes due to its relative inert nature. On 
top of this, its high nitrogen to carbon ratio allows it to be an ideal compound for storage, 
especially in dark when carbon skeletons are limiting (Lea and Miflin, 1980; 
Sieciechowicz et al, 1988; Urquhart and Joy, 1981). Besides, under different 
physiological and environmental conditions such as senescence, sugar starvation, and 
various stresses (Rabe 1990, Brouquisse et al. 1992), free asparagine level changes 
drastically, suggesting that asparagine probably play important roles in various aspects 
of plant physiology and metabolism (Sieciechowicz et al., 1988). 
Asparagine synthetase (AS) generates asparagine from glutamine and aspartate. 
AS cDNAs have been isolated and characterized from many plant species including 
Arabidopsis (Lam et al. 1994), pea (Tsai and Corruzzi 1990), Asparagus (Davies and 
King 1993)，maize (Chevalier et al. 1996), alfalfa (Shi et al. 1997), Lotus japonicas 
(Waterhouse et al. 1996), broad bean (Kuster et al. 1997), soybean (Hughes et al. 1997， 
Yamagata et al. 1998), common bean (Osuna et al. 1999) and rice (Watanabe et al. 1996). 
In general, AS genes in most of these species were found to be encoded by a small gene 
family. Expression of AS genes is under the control of light, metabolites, post-harvesting 
conditions, and stress treatments (Chevalier, 1996; Davis, 1993; Lam, 1994; Lam, 1998; 
Tsai, 1990; Tsai, 1991). These complex regulation of AS gene expression supports the 
notion that AS genes may play different roles in various aspects of plant physiology. 
‘ These cDNA probably all encode glutamine-dependent AS enzymes, not N H / 
dependent AS enzyme, since the pwrF-type amidotransferase domain was present in 
their deduced amino acid sequences. However, ammonium-dependent AS activities do 
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occur in both plants and animals (Oaks, 1984, 1985; van Heeke, 1989). It was shown 
that when the glutamin-binding domain is altered, animal AS does exhibit an increase in 
ammonium dependent activities (Van Heeke, 1989). This may due to the AS enzyme has 
distinct binding sites for both ammonia and glutamine (Pfeiffer et al, 1986; Pfeiffer et al., 
1987). In E. coli, there are two genes encoding two AS with different evolutionary origin: 
ASNA encodes an ammonia-dependent asparagine synthetase (Nakamura et al., 1981), 
while ASNB encodes an glutamine-dependent AS enzyme (Scofield et al., 1990). 
Biochemical approaches to study the regulation of AS enzyme have been hampered by 
the instability of the enzyme and the presence of AS inhibitors as well as asparaginase 
(Joy et al. 1983, Romagni et al. 2000). 
To systematically study the differential physiological roles of different members 
in the AS gene family, all the members of AS gene in the model plant A. thaliana {ASNl, 
ASN2, and ASN3) were previously cloned. The observation that ASNl and ASN2 are 
reciprocally regulated by light and metabolites (Lam, 1998) supports the notion that they 
may play non-redundant roles. The expression level of ASNl is tightly correlated with 
free asparagine levels (Lam, 1994; Lam, 1998; Lam, 2003). In wild type A. thaliana, 
both ASNl and free asparagine increase in dark-adapted plants; consistent with the idea 
that asparagine is an important nitrogen carrier especially under carbon limiting 
conditions. -
In transgenic plants overexpressing the ASNl gene, free asparagine levels in 
source and sink tissues as well as in the phloem increase accordingly. Total amino acids 
pools in seeds of the ASNl overexpressors are enhanced both quantitatively and 
qualitatively (Lam, 2003). These findings suggest that ASNl plays a major role in 
nitrogen assimilation, transport and storage. 
The expression of ASNl is reciprocal to that of ASNl. The light induction of 
ASN2 mRNA level is intriguing. Since free asparagine does not accumulate to a high 
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level in light grown plants (Lam, 1998), ASN2 may play a role other than primary 
nitrogen assimilation. Prianischnikow (1922) first demonstrated that asparagine levels 
could be induced if plants were grown in the light with high levels of ammonium. It has 
been suggested that this is a mechanism to detoxify the high level of ammonium 
accumulated endogenously. The suggestions that asparagine could be viewed as an 
ammonia detoxification product, acting as a nitrogen storage compound and synthesized 
under high ammonia conditions, were later proposed for several other species (Givan, 
1979; Kanamori and Matsumoto, 1974; Stewart, 1979). 
In this study, we found that when plants were grown on MS media, the light 
induction of ASN2 is ammonium dependent (Fig. 3.1). In ammonium free medium, 
ASN2 mRNA level remains low in light grown plants. On the other hand, the dark 
induction of ASNl is ammonium independent (Fig. 3.1). Time kinetics studies of ASN2 
expression revealed a rapid and reciprocal control of ASN2 by ammonium 
supplementation or deprivation (Fig. 3.2). To our knowledge, it is the first report on 
ammonium induction of an AS gene. In addition to ammonium, stresses such as salinity, 
cold, and heavy metal (AgNOs) also increase ASN2 mRNA levels (Fig. 3.3, 3.4, 3.5). 
The induction effect of stresses on the expression of AS genes was shown previously in 
maize (Chevalier, 1996). 
Interestingly, there is a close relationship between ammonium accumulation and 
stress conditions. For instance, ammonium accumulates under various biotic and abiotic 
stresses (Barker, 1999; Barker, 1999; Feng, 1993). Under stress conditions, 
photosynthetic rate will drop significantly and hence the carbon-skeleton reaching the 
sink tissues may become limiting (Baysdorfer, 1998; Farrar, 1981; Kerr, 1985). Nitrogen 
assimilation and protein synthesis will decrease and catabolism of amino acids will 
, increase to provide the carbon skeleton to sustain respiration and other metabolic 
processes (Baysdorfer, 1998; Brouquisse, 1991; Dieuaide, 1992; Dieuaide, 1993; Journet, 
1986; Saglio, 1980). Extensive protein degradation leads to a drastic increase of internal 
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ammonium content (Feng, 1992). To save the valuable nitrogen resources, it is important 
to recapture the otherwise lost ammonium. Nitrogen resources trapping in ammonium 
will be mainly re-captured by the glutamine synthetase (GS)-Glutamate oxoglutarate 
transaminase (GOGOT) cycle. Since ASN2 is induced by ammonium (Fig. 3.1) and 
stress treatments (Fig. 3.3, 3.4, 3.5) and ammonium accumulates under stress conditions 
(Fig. 3.6)，we cannot exclude the possibility that the stress treatments actually exert their 
effects on ASN2 gene expression via accumulation of ammonium. The physiological role 
of ASN2 may be related to the re-capturing of lost nitrogen resources (in form of 
ammonium) under stress conditions whereas that of ASNl is related to primary nitrogen 
assimilation. 
4.2 ASN2 transgenic plants and their response under stresses conditions 
To further investigate the possible interaction between ASN2 and ammonium 
metabolism, transgenic A. thaliana lines overexpressing or underexpressing the ASN2 
gene were constructed (Fig. 3.24). Under high concentration of exogenous ammonium 
supplies, endogenous ammonium accumulates (Fig. 3.25). However, ASN2 
overexpressors exhibit lower endogenous ammonium content under such conditions. 
This result suggested that one function of ASN2 is to reduce the level of ammonium 
accumulated in plant tissues. Although ammonium is an important intermediate in 
nitrogen assimilation, high ammonium concentration is toxic to plants (Vines and 
Wedding, 1960; Fangmeier et aL, 1994; Gerendas, et al., 1997). Previous studies 
showed that asparagine accumulates under high levels of exogenous ammonium 
(Prianischnikow, 1922) and asparagine may play a role in ammonium detoxification 
(Givan, 1979; Kanamori, 1974; Stewart, 1979). Together with our finding that 
overexpression of ASN2 can reduce endogenous ammonium, it reaffirms our hypothesis 
‘ that ASN2 plays an important role in ammonium metabolism. 
> 
Asparagine has also been proposed to play another role in light-grown plants, 
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namely in the photorespiratory pathway (Sieciechowica et al., 1988). Asparagine is 
proposed to act as a nitrogen donor (as an alternative to glutamate) in a transaminase 
reaction resulting in the conversion of glyoxylate to glycine in leaf mesophyll cells (Ta 
et al., 1984). Under high light irradiance, photorespiration takes place and leads to loss 
of fixed carbon and fixed nitrogen as carbon dioxide and ammonium, respectively. A 
significant increase of ammonium was observed in plants grown under high light 
irradiance, compared to plants received lower light irradiance (Fig. 3.26). However, 
more ammonium was accumulated in ASN2 underexpressors under high light irradiance. 
This loss-of-function result suggested that ASN2 may be involved in re-capturing the 
ammonium lost in the photorespiratory process. Moreover, asparagine produced by the 
ASN2 enzyme under such circumstance may be involved in the photorespiratory 
pathway (Ta, 1984, Ta, et al., 1985; 1986). 
Whether ASN2 directly or indirectly involved in ammonium metabolism is still 
unclear. Some studies suggested that monocot AS enzymes may use ammonium as the 
direct substrate and the ASN2 protein is actually more close to monocot AS then the 
ASNl protein which clusters with dicot AS enzymes in a phylogeny tree (Lam, 1998). 
However, only enzyme kinetic studies of the purified ASN2 protein can give the 
ultimate answer. We attempted to express the ASN2 gene in E. coli. Unfortunately, 
we failed to re-constitute the activity of the ASN2 enzyme from the inclusion bodies. 
4.3 ASN2 promoter studies by transient gene expression method. 
Control of gene transcription is commonly used in biological systems to 
regulate protein expression. Transcriptional regulation in eukaryotes depends upon a 
‘ series of complex signal transduction networks that ultimately control gene promoter 
activity via cw-actirig elements like enhancers, matrix attachment regions (MARs), locus 
control regions (LCRs), and trans-acting elements (transcription factors). In this study, 
< 
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our interest is to find out whether the ASN2 promoter has NH4+ responsive cis-acting 
element that regulates the ASN2 transcription. 
4.3.1 Identification of promoter region 
Polymerase II promoters are generally defined as the region of a few hundred 
base pairs located directly upstream of the site of initiation of transcription. (More distal 
regions and parts of the 5' UTR may also contain regulatory elements and may be part of 
the promoter). The promoter prediction program tool called PROSCAN version 1.7 
(Prestridge, 1995). was used to find the possible length of the ASN2 promoter region. 
Because of availability of Arabidopsis genome, making use of database search, an 
unknown gene sequence was found at 609 to 1565 upstream of the site of initiation of 
transcription of the ASN2 gene. Therefore, the region between the start codon of ASN2 
gene and 609 bps upstream of the start codon is probably the ASN2 promoter sequence. 
To confirm this prediction, 608 bps upstream of the site of initiation was submitted for 
PROSCAN to scan for promoter signal. The program predicted the promoter region to 
be 46 to 296 bps upstream of the site of initiation, with promoter score 78.94 that is 
greater than the cut off value 53.0. TATA box was found at 67 bps upstream of the site of 
initiation of transcription. Other transcription regulators were also found in this region. 
Therefore, a pair of primers was designed to amplify the region by PGR. 
The ASN2 promoter was further cloned into transient gene expression vector, 
pBI221. This vector is tailored for this purpose by removing most unnecessary region, 
and the remaining parts of only about 5 kb are mainly CaMV 35s promoter, GUS 
reporter gene, and amipicillin resistant gene. The small size of this vector makes it 
efficient for transformation. 
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4.3.2 Isolation of protoplasts from Arabidopsis leaf. 
Protoplasts were isolated from mesophyll cells of Arabidopsis leaf. Young 
Arabidopsis leaves were chopped into 0.5mm strips and inoculated in digestion solution 
as described in the Materials and Methods section. The digestion solution contained 
celluase to digest the cellulose of protoplast cell wall so that protoplasts could be 
released. 
Some steps during the procedure of protoplast isolation are important for 
getting good population of protoplasts for transformation. First, a healthy Arabidopsis 
plant is very important for generating alive and healthy population of protoplasts. 
Second, Arabidopsis leaf appearing of senescence or stress phenotype is definitely not 
suitable for protoplast isolation. Third, applying vacuum force to enzyme solution with 
immersed leaf strips was considered very important to enhance the cell wall digestion; 
due to the air bubbles in the cellular space would hinder the close contact between the 
enzyme solution and cell wall. Forth, a purified population of protoplasts is definitely 
good for transformation. Therefore, after digestion, a purification step is necessary in 
order to remove the burst protoplasts and other cell debris. 
4.3.3 Studies of ASN2 promoter transient gene expression in A. thaliana protoplasts 
Transformation of pBI221 with ASN2 promoter into Arabidopsis protoplasts 
was described in the Materials and Methods section. Transformed protoplasts were 
inoculated into two media (ammonium free and 20mM ammonium) for 40 hours for the 
‘ expression of the GUS reporter gene. To ensure same number of transformed protoplasts 
> 
in each medium, transformation of ASN2 promoter construct was carried out in one tube 
and then divided in two equal volumes and inoculated into two media separately. 
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Therefore, the difference in GUS protein expression in the two media should be the 
result of different degree of induction on ASN2 promoter, but not due to different 
number of transformed protoplasts in the two media. 
The success of transformation and GUS gene expression were observed from 
the transformation of the CaMV 35s promoter construct. After inoculation for 40 hours, 
the CaMV 35s promoter constitutively expresses the GUS gene and hence the GUS 
protein was detected as high as about 400 nM per “ g total protein after incubation with 
the substrate 4-MU for 150 minutes (Fig 23 B). The protoplasts without transformation 
showed no detectable amount of GUS protein. The high amount of gus protein detected 
is due to both high transformation efficiency (Sheen et al., 2001) and constitutively 
expression of the CaMV 35s promoter. 
It was shown (Fig 3.23 A) that the ASN2 promoter construct had slightly higher 
GUS expression when inoculated in MS medium than in ammonium free medium; 
However, the CaMV 35s promoter construct also exhibited higher GUS expression in 
MS medium than in ammonium free medium, but to much greater extent. Therefore, we 
cannot draw conclusion from this experiment. Further experiments are needed to explain 
this phenomenon, e.g. using another constitutive promoter. 
4.4 Azaserine Resistant Mutant 
4.4.1 Overexpression ofASNl gene in Azaserine resistant mutant and checking for 
linkage 
Azaserine is an antibiotic that is a potent inhibitor of purine nucleotide 
synthesis. Azaserine is similar in structure to glutamine and is an irreversible inhibitor of 
glutamine amidotransferases, which catalyze the ATP-dependent transfer of the amido 
nitrogen of glutamine to an acceptor. The Azaserine resistant mutant was previously 
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screened from wild type Col-0 by the chemical mutagen ethyl methane sulfonate (EMS). 
EMS introduces point mutations randomly in the genome. If a point mutation occurs in a 
critical portion of a functional gene, a mutant phenotype may result. The Azaserine 
resistant mutant is able to resist this antibiotic. Compared with the Azaserine resistant 
mutant, the wild type Col-0 grown in 1 / /M contained MS medium appeared unhealthy 
growth phenotype of which the root is much shorter and the leaf appeared yellowish (Fig. 
3.30). 
We would like to know whether the Azaserine resistant mutant has any effect on 
ASN gene. We found that only the ASN2 gene exhibited overexpression in Azaserine 
resistant mutant, especially in continuous dark condition. In order to elucidate whether 
the two phenotypes, the azaserine resistant and the ASN2 overexpression, link together. 
The mutant was backcrossed with its parent (Col-0). If the backcross progenies still 
show ASN2 overexpression phenotype, then the two phenotypes are probably link 
together. F2 segregation ratio was obtained to be 1 resistant : 3 recessive based on 
screening on 1 // M azaserine contained MS medium (Fig. 3.32). Therefore, the 
azaserine resistant mutant was resulted from single mutation. The homozygous lines 
were obtained by growing F2 resistant progenies. The one generation backcross 
azaserine resistant mutants were then checked for ASN2 overexpression phenotype. 
Interestingly, the ASN2 overexpressfon phenotype disappeared. Therefore, we can 
predict that the two phenotypes are not linked together. The ASN2 overexpression 
phenotype observed in azaserine resistant phenotype maybe due to background mutation 
caused by EMS that lead to general stress response or mutation at other locus(s) that 
regulate ASN2 gene expression. Further experiments needed to test this hypothesis. 
4.4.2 Cross of Azaserine Resistant mutants with Landsberg ecotype for mapping 
» 
The azaserine resistant mutants were crossed with Arabidopsis ecotype 
Landsberg in order to map the gene of azaserine resistant mutant. This is the most 
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commonly used combination for mapping purposes. These two ecotypes have been 
estimated to differ in four to 11 positions every 1,000 bp (Chang et al., 1988; Konieczny 
and Ausubel, 1993; Hardtke et al., 1996). Again, F2 progenies, resulting from a cross 
between Ler, of two independent lines (111-MS-l and 121-L2-4) were screened on 1 fi 
M azaserine contained MS media. Ratio of 1 resistant to 3 sensitive was obtained and 
confirmed by Chi-square test for statistical significance. The F2 progenies can be used 
for mapping experiment using molecular marker such as simple sequence length 
polymorphisms (SSLPs) in future work. 
> 
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5. Conclusion and prospective 
In summary, the light induction of ASN2 is ammonium dependent while the 
dark induction of ASNl is ammonium independent. In ammonium free medium, ASN2 
mRNA level remains low in light grown plants, however, ASNl mRNA level is 
unaffected by ammonium concentration. Stresses (NaCl, AgNOs, and cold) treatments 
increase both cellular free ammonium and ASN2 mRNA levels in a coordinated 
manner. ASN2 overexpressors accumulate less endogenous ammonium, compare to 
the wild type and ASN2 underexpressors. Moreover, ASN2 underexpressors 
accumulate more endogenous ammonium than the wild type and ASN2 overexpressors, 
when grown under high light irradiance. Therefore, levels of ASN2 mRNA and 
ammonium metabolism in A. thaliana is closely correlated. Further detailed 
enzymology studies are needed to show whether this correlation involves a direct 
substrate/enzyme relationship between the ASN2 enzyme and ammonium. In the part 
of ASN2 promoter study, transient gene expression experiements indicated that 
protoplasts transformed with ASN2 promoter construct shows higher GUS gene 
expression level when place in protoplast culture medium contained 20mM 
ammonium, compared to the medium without ammonium. However, conclusion can 
not yet be drawn, due to same observation was obtained in the case of CaMV 35S 
promoter. Further experiments (e.g using another constitutive promoter) are needed to 
explain this phenomenum. Genetic crosses experiments shows that the azaserine 
, res is tance and ASN2 overexpression in azaserine resistant mutant are probably 
I 
resulted from 2 unlinked mutations. 
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Appendix I - Restriction and modifying enzymes: 
1. BamHl Promega R6021 
2. Hindlll Promega R6041 
3. Taq DNA polymerase Boehringer 1647679 
Appendix II - Chemicals: 
1. Ampicillin Sigma A9518 
2. Agarose GibcoBRL 15510-027 
3. Bacto™ Agar Difco 214010 
4. Blocking reagent Boehringer 1096176 
5. Bovine serum albumin Sigma A7906 
6. Calcium chloride Merck 2380 
7. Calcium nitrate Ajax 135 
8. Cetyldimethylethylammonium bromide (CTAB) Sigma C5335 
9. Chloroform Merck 3445 
10. EDTA, disodium salt Sigma E5143 
11. EDTA, ferrous-sodium salt Sigma EDFS 
12. EGTA, sodium salt Sigma E3889 
13. Ethanol (absolute) Merck 100986 
14. Ethidium bromide Sigma E7637 
15. Formaldehyde (37%) - Sigma F8775 
16. Formamide Boehringer 1814320 
17. Glycine Sigma G7403 
18. Hydrochloric acid (36%) Ajax 1364 
19. Imidazole Sigma 12399 
20. Ilsopropanol ‘ LabscanC2519 
21. Isopropyl b-D-thiogalactopyanside (IPTG) Boehringer 1411446 
‘ 22. Kanamycin, monosulfate Sigma K4000 
» 
23. Lithium chloride Sigma L8895 
24. Luria Bertani broth, Miller Difco 0446-17-3 
25. Maleic acid Sigma M0375 
26. Magnesium chloride Sigma M9272 
27. Magnesium sulphate Ajax 302 
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28. Mannitol Ajax 530 
29. P-mercaptoethanol Sigma M6250 
30. MES Sigma 3023 
31. Methanol Merck 6007 
32. Metro-mix soil Hummert 10-0325 
33. MOPS Sigma M8899 
34. Murashige & Shoog salt mixture GibcoBRL 11117-017 
35. N-lauroylsarcosine Sigma L5125 
36. Phenol-chloroform-isoamylalcohol (25:24:1) Amersco 883 
37. Polyvinylpyrrolidone Sigma PVP-40T 
38. Potassium acetate Sigma PI 147 
39. Potassium hydroxide Merck 5033 
40. Potassium nitrate Sigma P8394 
41. Pyridoxine-HCl Sigma P9755 
42. SDS - Bio-Rad 161-0302 
43. Silwet-77 Lehle seeds 
44. Sodium acetate, anhydrous Sigma S2889 
45. Sodium chloride RDH 31434 
46. Sodium citrate, trisodium salt Sigma S4641 
47. Sodium dihydrogen phosphate RDH 10245 
48. Sodium dodecyl sulfate - B/M 1028693 
49. Sodium hydroxide Merck 6498 
50. Sucrose Sigma SI888 
51. Tris (hydroxyethyl) aminoethane Ameresco 0826 
52. Tris/HCl Amresco 0826 
53. Tween20 ‘ Bio-Rad 170-6531 
54. Triton X-100 Sigma T6878 
» 
Appendix III - Commercial Kits: 
1 • ABI prism dRhodamine terminator cycle sequencing Peckin-Elmer 402078 
‘ ready reaction kit 
2. Bio-rad Prep-A-Gene DNA Purification kit Bio-Rad 732 6011 
100 
3. DIG RNA labeling kit Boehringer 1 175 025 
4. High pure PGR product purification kit Boehringer 1732 668 
5. Ribomix large scale RNA production system-T7 Promega P13 00 
6. Wizard plus minipreps DNA purification kit Promega A7510 
7. Wizard plus maxiipreps DNA purification kit Promega A7510 
Appendix IV - Equipments and facilities used: 
I. Biological Safety Cabinet iBaker SG600E 59419 
^ 2 . Centrifuge J2-MI Beckman T373 with  
JA-14 rotor  
3. Dot blot microfiltration apparatus Bio-Rad 170-3938 
4. Gel lOOOUV Fluorescent Gel Doc Bio-Rad 200015450 
5. Genetic Analyzer ABI Prism 310 Perkin elmer 96030481 
6. Gene Pulser Apparatus Bio-Rad 165-2076 
7. Growth chamber Percival AR-32L 
3859-05-971 
8. GS Gene Linker UV Chamber Bio-Rad 0392-92-0336 
9. Microcooler II Bockel Scientific 
- 260010 
10. Orbital shaker Lab line 4628-1 
II . Power supply MIDI MP-250 Life technologies 
4801311 
12. Programmable Thermal Controller MJ Research PTC 100 
96VHB 200003879 
13. Refrigerated Centrifuge 581 OR Eppendorf 03463 
14. Solvent System Centrivap Unit Labconco 79840-01 
‘ 15. TELCO incubator Cole-Parmer 39352-02 
100 
Appendix V - Buffer, solution, gel and medium formulation 
Agarose gel (0.7%) 0.7% agarose, 1 |ag/ ml ethidium bromide 
in IX TAE buffer  
Arabidopsis fertilizer (lOX) 50mM K N O 3 , 25mM IM K P O 4 (pH 5.5), 
20mM MgS04, 20mM Ca(N03)2, 0.5mM 
FeNaEDTA and 1% micronutrients. Fill 
up to 1 litre with H2O  
Arabidopsis micronutrients 70mM boric acid, 14mM MnCb, 5mM 
C U S O 4 , 0.2mM NaMo04, lOmM NaCl, 
and O.OlmM CuCb. Fill up to 500ml with 
^  
Bacterial cell lysis solution 一 20mM Tris-HCl, 1 QOmM NaCl, 8M urea 
Blocking buffer Dilute blocking reagent stock solution 
1:10 with maleic acid buffer  
Blocking reagent stock solution (10%) Add 1 Og blocking reagent to 100ml 
maleic acid buffer with several 30s heat 
pulses in the microwave  
Bromophenol blue loading dye (6X) 0.25% bromopheno] blue in 30% glycerol 
Cold washing solution 2x SSC，0.1% SDS  
CTAB extraction buffer O.IM Tris-HCl (pH8), 1.4M NaCl, O.IM 
EDTA (pH8), 2% (w/v) CTAB, 1% (w/v) 
Polyvenylpyrolidone and 0.2% p-
mercaptoethanol  
CTAB washing buffer 76% EtOH with 0.01M N H 4 O A c 
Denaturation buffer 1.5M NaCl, Q.5M NaOH — 
DEPC-treated H20 Dissolve DEPC to 1% in ultrapure H 2 O ^ 
and keep overnight 
Autoclave to remove residual DEPC. 
Detection buffer - lOOmM Tris-HCl, pH 9.5 and lOOmM 
GUS staining solution 62mM Na2HP04, 34M NaH2P04, 0.5M 
K3[Fe(CN)6]，0.5M K4[Fe(CN)6], ImM 
EDTA-Na, l^g/ml X-gluc  
High SDS concentration h y b r i d i z a t i o n 7 % SDS, 50% formamide, 5x SSC, 2% 
buffer (northern blot) blocking reagent, 50mM 
‘ sodium-phosphate, pH 7.0 and 0.1% 
N-lauroylsarcosine  
Hot washing solution ~0.5x SSC, 0.1% SDS 
, LB broth 25g/ L LB powder, autoclave 
LB agar plate 25g/ L LB powder and 15g/ L bacto-agar, 
autoclave  
Maleic acid buffer O.IM maleic acid, 0.15M NaCl, pH 7.5. 
Adjust pH with concentrated NaOH; 
autoclave.  
MOPS (lOX) 200mM MOPS, 50mM sodium acetate,~~ 
lOmM EDTA, pH 7.0. Make up in sterile 
H2O. After autoclaving, the solution will  
|tum yellow  
100 
MS plate 4.3g/ L Murashige & Shoog salt mixture, 
3% sucrose, 0.05% MES, pH 5.7, 0.9% 
bacto-agar  
Neutralization solution 0.5M Tris-HCl，0.5M Tris-HCl, pH 7.5 
N-lauroylsarcosine 10% (w/v) in sterile H2O filtered through 
a 0.2|j-m membrane  
Resuspension medium 4.3g/ L MS salt, lOmg/ L BA, 0.2mg/ L 
IB A, 0.3% sucrose, IX B5 vitamin, 
10Q|iM Acetosyringone  
RNA extraction buffer 200mM Tris base, 400mM KCl, 200mM 
Sucrose, 35mM MgCb ^HiO, 25mM 
EGTA, pH 9 
RNA loading buffer 250|il formamide, 83|il formaldehyde 
37% (w/v), 50|al lOx MOPS buffer, 
0.01% (w/v) bromophenol blue, 50^1 
glycerol. Fill up to 500|^1 with 
DEPC-treated H2O.  
SDS polyacrylamide separation gel 4.18ml Acrylamide/Bis (30: 0.15), 1.25ml 
(10%) 3.5M Tris/HCl (pH 8.8), 0.125ml 0.2M 
EDTA，0.125ml 10% SDS, 0.12ml 7.5% 
ammonium persulfate, 0.015ml TEMED, 
add sterile H2O to 12.515ml final volume 
SOC 2% bacto-tryptone, 0.5% bacto-yeast 
extract, lOmM NaCl, 2.5mM KCl, lOmM 
MgCb, lOmM MgSCU, 20mM glucose 
Sodium acetate 3M NaOAc, pH 5.2 
3M NaOAc, pH 5.6 
"SSC (20X) 3M NaCl, 30QmM sodium citrate, pH 7.0 
TAE buffer (IX) 4.84g/ L Tris base, 0.1142% acetic acid, 
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